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ABSTRACT
PROVIDING MOLECULAR INSIGHT FOR UNDERSTANDING ANION
EXCHNAGE MEMBRANE CONDUCTIVITY
SEPTEMBER 2019
MICHAEL THOMAS KWASNY, B.S. CASE WESTERN RESERVE UNIVERSITY
(OH)
M.S. UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Gregory N. Tew
Anion exchange membranes (AEMs) are notorious for having both low alkaline
stability and poor ion conductivity in fuel cell operation conditions, with solutions to these
two challenges often being developed independent of each other. The chemical instability
of an AEM is viewed through degradation of the polymer backbone and the cationic species
and improving a material’s stability is approached by altering the polymer backbone, the
cation, or both. On the other hand, poor ion conductivity is typically addressed by
modifying bulk membrane properties such as increasing the ion exchange capacity (IEC),
changing the morphology, or increasing the water uptake. These modifications are most
often accomplished by altering the polymers incorporated, the architecture of the polymers,
and increasing the number of cations in the network. However, as a deeper understanding
of these challenges is gained, the connection between the solutions to alkaline stability and
ion conductivity has become clearer. Both the cation’s identity and the polymer backbone
incorporated into the membrane influence properties of the AEM, such as chemical
stability, morphology, and water uptake, which results in differences in ion conduction.
Therefore, developing parameters that can decouple the cation’s and polymer’s impact on
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AEM properties from their impact on AEM ion conduction is critical to understanding and
developing highly conductive AEMs.
Here, the impact of cation identity on AEM conductivity was explored using metal
cation-based AEMs. Ring-opening metathesis polymerization (ROMP) was performed on
di-norbornene functionalized, bis(terpyridine) metal complexes in the presence of
norbornene, dicyclopentadiene (DCPD) and a di-norbornene functionalized poly(ethylene
oxide) (PEO) crosslinker to control the crosslink density and IEC of these materials. Six
different metal cations were studied (ruthenium, nickel, cobalt, iron, manganese, and zinc)
along with four different counterions (chloride, bicarbonate, hydroxide, and acetate).
Bicarbonate and hydroxide counterions were only utilized to explore the impact of the
counterion on the water uptake of these metal cation-based AEMs, while chloride and
acetate ions were used to explore the impact of counterion identity on ion conduction.
Interestingly, changing the identity of the metal center resulted in minimal changes
to AEM properties such as mechanical stability and water uptake, while significant
differences in chemical stability and ion conduction were observed. Commonly used bulklevel parameters, such as the hydration number, ion concentration, activation energy, and
ion diffusion, offered important insights into AEM ion conduction, but they ultimately
failed to fully capture the ion conduction phenomenon. Therefore, isothermal titration
calorimetry (ITC) was used to quantify the dissociation thermodynamics for analogous
small molecule metal cations through a counterion exchange reaction from either chloride
or acetate to bicarbonate ions. This characterization technique showed that the enthalpic
response to counterion exchange (ΔHtot) corresponded to a molecular-level parameter
termed the cation-counterion association strength (CCAS), where a smaller endothermic
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ΔHtot corresponds to a weaker CCAS. That ΔHtot value can then be used to understand and
predict AEM ion conduction since a weaker CCAS results in better ion conduction through
a larger dissociation of counterions. The CCAS for different cation-counterion pairs is
controlled by the degree of ion hydration, where the electrostatic interaction between the
cation and water molecule stabilizes the charge, allowing for more facile dissociation of
the counterion as the ion hydration increases.
This ITC approach was then expanded to characterize organic, nitrogen-based
cations. A series of quaternary ammonium-based cations demonstrated that having a long
alkyl chain spacer (10 atoms or more) between an aromatic group and the cation can
weaken the CCAS. These parameters shed light on the importance of understanding the
various facets of ion conduction and represent a significant step towards elucidating ion
conduction trends for different cations through molecular-level interactions.
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CHAPTER 1
INTRODUCTION
Reprinted (adapted) with permission from J. AM. CHEM. SOC., 2018, 140 (25), 79617969.
Copyright 2019 American Chemical Society.
1.1 Background
Ion exchange membranes (IEMs) are an important class of materials that utilize
ionic moieties attached to polymer matrices to perform a variety of functions.14 Typically,
IEMs are classified into two types of membranes: 1) cation exchange membranes (CEMs)
and 2) anion exchange membranes (AEMs).1,14 CEMs utilize anionic head groups attached
to the polymer matrix allowing for the transport of cationic species through the membrane
and the exclusion of anionic species. Conversely, AEMs utilize cationic species attached
to the polymer matrix allowing for the transport of anionic species and the exclusion of
cations. Due to the selectivity imparted from the ionic groups, IEMs are a highly selective
class of materials and are used in a variety of applications including water treatment,
pharmaceutical, semiconductor, power generation, and energy conversion devices.14–16
Fuel cells are one class of energy conversion devices that have received growing
interest over the past few decades due to their potential as an energy source that utilizes
non-fossil fuels.1,17,18 While there are multiple types of fuel cells, two have received the
most attention: proton exchange membrane fuel cells (PEMFCs) and anion exchange
membrane fuel cells (AEMFCs) (Figure 1). PEMFCs have garnered the most commercial
success due to the development of the CEM Nafion, which has excellent chemical,
mechanical, and conductive properties.19–21

However, the high cost associated with

PEMFCs has resulted in the need to develop lower cost devices, such as the AEMFC.4,22–
24

The alkaline conditions in AEMFCs allow for increased oxygen reduction kinetics.
1

These increased kinetics allows for more efficient energy conversion, the use of more costeffective catalysts by utilizing non-platinum and non-precious metals, and a wider range
of fuels that can be oxidized in AEMFCs over PEMFCs.24,25 These realizations make
AEMFCs an exciting opportunity for developing the next generation of energy conversion
devices, with most research focusing on the ion conducting AEM.18

Figure 1. Schematic of A) proton exchange membrane fuel cell and B) anion exchange
membrane fuel cell. Schematics adapted from literature. 1
Despite this potential, advancements in AEM development are hampered by both
low ion conduction and poor chemical stability as compared to their PEM
counterparts.1,5,17,26–30 The low ion conduction is due in large part to the intrinsically slower
mobility of OH- ions in AEMFCs as compared to H+ ions in PEMFCs.25 This hindered ion
conductivity required the development of materials with specific design features, such as
increasing the charge density in the material, or the ion exchange capacity (IEC), and
introducing microphase separation to yield hydrophilic ion-conducting channels.31–35
While these approaches have successfully improved the ion conduction in AEMs, they
neither provide a better understanding of the ion transport mechanism nor correlate the
impact of the polymer backbone and cation structure to the ion transport. Understanding
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these two aspects of ion conduction is still needed before ion conduction can be fully
optimized in AEMs.1,25,27,36–38
In addition to gaining a better understanding of ion conduction in AEMs, improving
the poor alkaline chemical stability of the materials used in AEMs must also be
accomplished. Improving the chemical stability has garnered more interest as membranes
demonstrating high ion conduction have been reported, but the materials have been shown
to degrade rapidly in high pH conditions. Materials have demonstrated up to 60%
degradation within 30 days as measured by ion conduction and their IEC values.39 This
degradation is observed for the polymer backbones currently utilized, the cationic head
groups attached to the polymer matrix, and a combination of the two (Figure 2).2,3,14,17,40,41
Since the degradation pathways for polymer backbones and cation functional groups are
two separate entities, they provide two separate and unique challenges towards improving
AEM chemical stability. Here, recent advancements in cation development for use in
AEMs are summarized and their impact on AEM conductivity is shown. This impact on
ion conduction is used to demonstrate the need for identifying parameters that lead to a
better understanding and prediction of ion conduction in AEMs.
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Figure 2. Common AEM degradation pathways for A) cationic species: 1) Hoffmann
elimination, 2) nucleophilic substitution, 3) ylide formation, and B) polymer backbone
from hydrolysis of: quaternary carbon (left) and ether bonds (right).2,3
1.2 Importance of the Membrane Chemistry on AEM Performance
1.2.1 Polymer Backbone Chemistry
Only recently has the impact of the polymer backbone on AEM chemical stability been
proposed, although its impact on AEM degradation has quickly become apparent.2 Aryl
ether-based polymer backbones are most often designed due to their facile synthesis.
However, it has become evident that the aryl ether functional group is susceptible to
nucleophilic attack by the hydroxide ions present in fuel cell systems.2,42–44 This realization
has led to the evolution of AEM polymer chemistries well beyond the traditionally utilized
poly(aryl ether) based materials (Figure 3).4–8,45–50 Furthermore, it has been shown that
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polymer backbone chemistry also influences cation chemical stability as well as AEM ion
conduction.28,40,42,51 Therefore, the polymer backbone must be considered as an important
design feature to understand AEM ion conduction.

Figure 3. Evolution of polymer backbone chemistries throughout the history of AEM
development starting from poly(aryl ether sulfone)s, transitioning to the removal of aryl
ether moieties and most recently to olefin- and norbornene-based polymers.4–8,45,49,50
1.2.2 Cation Head Group Chemistry
While the impact of polymer backbone chemistry has only recently been considered,
the impact of cation chemistry on AEM chemical stability is both well-known and
extensively studied. Researchers have employed a variety of approaches to improve cation
chemical stability ranging from adding steric hindrance around the cation to increasing the
hydrophobicity of the cation, and ultimately to incorporating various types of cations
(Figure 4).11,37,47,52–69
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Figure 4. Chemical structures of various cations studied for use in AEM applications,
where structures in black are amine-based cations, red are sulfur-based cations, green are
phosphorus-based cations, and blue are metal-complex cations.
The most commonly used cation in AEMs is the quaternary ammonium (QA), due in
large part to its synthetic ease as well as the potential for high ion conductivity. 3,70
However, QAs quickly degrade in alkaline conditions at high temperatures through one of
three processes: 1) Hoffman elimination, 2) nucleophilic substitution, and 3) ylide
formation.3,28 While all three processes must be considered, Hoffman elimination through
hydroxide reaction with β-hydrogens represents the most prevalent pathway through which
QA groups degrade. Therefore, a popular early approach towards improving QA chemical
stability was to design polymer architectures specifically without hydrogens in the β
position.4,7,8 While initial reports using this approach demonstrated improved alkaline
stability, more recent reports have indicated this may not be the case due to the presence
of the other two degradation pathways.3
Therefore, the impact of the alkyl chain length attached to the QA as well as the
distance between the QA and the polymer backbone have also been explored.71–73
Functionalizing the QA with longer alkyl chains, such as ethyl, butyl and hexyl, yielded an
6

improved chemical stability due to the increased hydrophobicity and steric hinderance
around the cation, making it more difficult for the hydroxide ions to react with the cation.
However, that increased hydrophobicity also proved to hinder the number of QA groups
that could be incorporated into the network, limiting the membrane’s IEC.73 Recently,
increasing the alkyl chain spacer between the QA group and the polymer backbone has
appeared to be a promising approach to produce membranes with improved alkaline
stability.10,74–76
Due to the continued chemical instability of the QA, imidazolium cation-based AEMs
have also been developed and are the most promising and widespread cation used in AEMs,
aside from the QA.53–55,65,68 Early reports of imidazolium-based AEMs demonstrated
potential as they had both good ion conductivity and decent chemical stability.77 In an effort
to further improve the chemical stability, the imidazolium cation was functionalized with
a variety of substituents, showing that cations with more steric hindrance had better
chemical stability.68 The result of these functionalization attempts has been the
development of many different AEMs that show varied levels of chemical stability and ion
conduction.3,14,53–55,65,68,78–80 While synthesizing imidazoliums containing these various
functionalities and incorporating them into AEMs with high IEC values can be
synthetically challenging, developing imidazolium-based AEMs remains a very active area
of research, with imidazolium-based cations being widely considered as the best potential
replacement for QA.
Despite progress on the chemical stability of both QA and imidazolium cations,
alkaline stability remains a serious challenge facing AEMs, which has led to the
development of many different types of organic cations. The most common types of
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organic cations, other than QA and imidazolium, include guanidinium, pyridinium,
pyrrolidinium, triazolium, phosphonium, and sulfonium.17,37,47,52,56,57,64,66,69 However,
despite the vast number of organic cations synthesized, AEMs utilizing these different
cations have demonstrated varying degrees of chemical stability, with no specific cation
distinguishing itself as the best option.
The lack of concrete success for organic cations has led to the development of a new
class of materials containing metal-based cations. This new class of materials includes
various bis(terpyridine)-based metal cations (containing ruthenium, nickel, cobalt, iron,
manganese, and zinc) and cobaltocenium cations.11,58–61,63,81 These metal-based cations
have shown high potential since both types of cations have provided excellent chemical
stability with minimal degradation in fuel cell operation conditions.
While an increasingly large number of cations have been incorporated into AEMs, their
impact on AEM ion conductivity remains understudied. For example, a recent review about
the impact of cations on AEM properties focused solely on their impact on AEM chemical
stability, without any discussion on how changing the cation would influence ion
conductivity.3 However, comparing AEMs containing different cations shows that the
identity of the cation influences the water uptake and ion conductivity as well as the
chemical stability (Table 1).37,38,47,52,66,68 While these properties are summarized from
various reports in literature demonstrating different properties and using various
experimental conditions, the nature of the cation clearly impacts the water uptake and ion
conductivity. For example, when an AEM was designed to compare a QA and an
imidazolium cation, the QA-based membrane showed enhanced ion conduction over the
imidazolium-based AEM, as well as enhanced water uptake.82
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Furthermore, while changing the cation can improve the chemical stability of AEMs,
it also complicates the challenge of understanding ion conduction in membranes since the
cation’s identity also influences other properties impacting ion conduction. The
relationship between the materials used and the ion conductivity needs to be further
explored and understood so that the field can focus on developing the polymers and cations
with the highest potentials.
Table 1. Summary of properties for AEMs in the hydroxide form containing different
cations. AEMs were synthesized from a variety of polymer chemistries and AEM
architectures.
Cation
QA12
Imidazolium12
Phosphonium47
Sulfonium57
Bis(terpyridine)
Ruthenium
Cation59
Cobaltocenium6
1

IEC
(mmol/g)
2.2
2.2
0.67
1.37

Water
Uptake (%)
122
74
52
15.9

60 ˚C, liquid water
60 ˚C, liquid water
22 ˚C, liquid water
80 ˚C, 100% RH

Conductivity
(mS/cm)a
156
105
22
15.6

1.4

126

30 ˚C, liquid water

28.6

1.92

40.2

60 ˚C, liquid water

25.1

Condition

1.3 Complexity with Elucidating the Impact of Membrane Chemistry on AEM
Conductivity
Despite the impact the polymer backbone and cation identity can have on AEM
properties, especially conductivity, these relationships are still poorly understood. This
deficit is largely due to a lack of direct attention given to these relationships in the
literature.56,71 Only a few reports compare different types of cations, and many of these
focus their efforts on understanding chemical stability, rather than ion conduction.3,79,82–86
In order to fully explore these relationships, a comparison between different reports must
be performed, however, this proves complicated for two main reasons: 1) differences in
experimental conditions and 2) differences in AEM properties.
9

1.3.1 Differences in Experimental Conditions
A major factor that complicates uncovering the relationship between AEM structure
and ion conduction is the lack of a clear consensus in the field about how to measure ion
conduction.40,68,72,73,82,84 This uncertainty leads to large differences between reports
characterizing AEMs, even when similar materials are studied (Table 1). The need for a
standardized approach can be best demonstrated by examining three critical experimental
conditions: 1) AEM hydration, 2) system temperature, and 3) anions studied for
conduction.
1.3.1.1 AEM Hydration
The hydration of an AEM is a critical factor influencing ion conduction and refers
primarily to the amount of water in the network. Water molecules facilitate ion mobility
by hydrating the conducting anions, allowing them to better flow through the network
along with the unbound, free flowing water. Consequently, there must be enough water in
the membrane to facilitate ion mobility.87 On the other hand, too much water dilutes the
ions, negating the enhancement from the increased ion mobility. These opposing effects
demonstrate the complexity surrounding this critical experimental parameter.88,89
Furthermore, the amount of water in the network impacts the degree of counterion
condensation observed since an increased amount of water helps to the stabilize the charge
on the polyelectrolyte allowing for an increased release of counterions.90,91 Since
counterion condensation strongly influences the percentage of free ions available for
conduction, membrane hydration impacts ion conduction both through the mobility of the
anions and through the percentage of free ions available for conduction.92
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AEM hydration is typically controlled in one of two ways. The membrane is either
immersed in liquid water with the conductivity experiment being conducted once the
membrane has reached equilibrium swelling or it is immersed in a chamber set to a specific
relative humidity (RH), most commonly 95% RH. Liquid water appears to be the more
popular choice and is used because that tends to produce the best ion conduction results,87
while 95% RH is closer to a fuel cell’s operating conditions.93 While the importance of
each option is apparent, reports utilizing different levels of hydration for their conductivity
experiments leads to serious difficulty in comparing their results. A report that studies an
AEM at 95% RH will have significantly lower hydration than one using liquid water, and
thus will demonstrate significantly lower ion conduction.
Furthermore, there is no simple normalization that can be performed to account for
changes in AEM hydration, making it difficult to quantify how studying a membrane in
95% RH would compare to studying it in liquid water. The identity of the cation and the
polymer backbone will control the ability of the membrane to absorb water, which will
dictate how much the membrane swells when transitioned from 95% RH to liquid water.
If a normalization was determined for one membrane, that normalization would be
dependent on the polymer and cation studied, and thus this correction could not be applied
universally to all materials. For example, one report took the same polystyrene-based
material and aminated it using two different methods, one prior to crosslinking
(homogeneous) and the other after crosslinking (heterogeneous) (Figure 5A).9 When water
uptake and chloride conductivity of these two materials were determined as a function of
relative humidity, the homogenous sample showed a larger increase in conductivity than
its heterogenous counterpart, despite the only difference being the sequence of fabrication
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(Figure 5B and C). Furthermore, both water uptake and conductivity demonstrate a nonlinear increase with increased membrane hydration, further demonstrating the difficulty in
understanding the impact of different membrane hydration on ion conductivity.94,95

Figure 5. A) Synthetic scheme for polystyrene-based AEMs. B) Plot of chloride
conductivity against relative humidity. C) Plot of the water uptake against relative
humidity. Figure adapted from literature.9

1.3.1.2 System Temperature
Another condition that is often modulated between reports is the temperature at which
conductivity experiments are performed. Increased temperature results in an increased ion
conductivity due to the enhanced mobility of the conducting ions.96,97 Three temperature
conditions are typically employed: 1) 80 ˚C, 2) room temperature, and 3) a temperature
range.7,47,57,97–99 80 ˚C is used as that temperature produces the best conductivity results
and is the temperature typically observed in fuel cells during operation. 97 Running
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experiments at room temperature is chosen because membranes generally show better
stability at lower temperatures and side reactions are less likely to occur, such as the
reaction between hydroxides and carbon dioxide in the air.100–102 However, the most
popular approach is to collect data as a function of temperature to encompass the entire
range of temperatures typically observed in a fuel cell between warming up and cooling
down the device.
The presence of multiple commonly-employed temperature conditions further
demonstrates the complexity in elucidating conductivity trends based on different reports
from literature. The extent to which conductivity increases is highly dependent on the
materials used in the membrane and is captured by the activation energy (Ea) barrier to ion
conduction, as discussed in more detail later. Since different materials demonstrate
different rates of increase for ion conduction, the result for one membrane at 80 ˚C cannot
accurately be corrected to compare to the result for another membrane at 30 ˚C.103
1.3.1.3 Anions Studied for Conduction
Beyond changes in the experimental conditions, there are also multiple anions used to
measure conductivity. Hydroxide ions are known to react with CO2 in the air to produce
carbonates and bicarbonates, which have different mobilities than hydroxide ions, making
it difficult to perform and analyze hydroxide ion conductivity experiments.100–102 For this
reason, other anionic species are typically studied in place of hydroxide ions, most
commonly chloride, bromide, and bicarbonate ions.27,101 Chloride and bromide ions
combine synthetic ease with an inert ion, as most cations are initially synthesized from an
alkyl chloride or bromide. Likewise, the bicarbonate ion demonstrates the same inert
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nature, but has the benefit of being the ion observed in a fuel cell as the product from the
reaction of hydroxide ions with carbon dioxide.
While utilizing alternate counterions allows for facile synthesis and experimental
characterization, conductivity trends with one anion cannot be accurately correlated to
conductivity trends for another anion. For example, one report showed that a series of five
different nitrogen-based cations had different trends in chloride conduction when
compared to hydroxide conductivity.10 That report showed that for chloride ion
conductivity a piperazine-based cation (DMP) facilitates similar conduction to a
trimethylammonium-based

cation

(TMHA),

but

significantly worse

hydroxide

conductivity (Figure 6). Furthermore, larger anions are known to have slower diffusions,
hindering their ability to be conducted in an AEM and causing complications in comparing
conductivity for one anion to another.104 Therefore, as elucidating the relationship between
cation identity and ion conduction becomes more important, reports using different anions
for conduction will seriously hamper our ability to understand that relationship.
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Figure 6. Plot showing the chloride conductivity (black, left-axis) and hydroxide
conductivity (red, right-axis¬), for five nitrogen-based AEMs where the structures for
TMA, DMP, MCH, MiPr, and TMHA are shown as an inset.10
1.3.2 Differences in AEM Properties
Understanding the relationship between the materials used in AEMs (cationic head
group and polymer backbone) and ion conduction is also complicated by the impact of the
materials on various AEM properties. While developing a standardized approach to
characterizing AEMs would be possible, understanding the effects of different materials
on AEM properties is significantly more challenging. AEM properties are difficult to
handle since they are due to the nature of the materials, as opposed to choices made by
researchers. The AEM properties typically impacted by changing cation identity or
polymer chemistry include: 1) water uptake, 2) morphology, and 3) IEC.
1.3.2.1 Water Uptake
Earlier, the hydration of the membrane was discussed in terms of the influence from
external factors, such as the degree of humidity in the experimental system. However,
AEM hydration is also influenced by the inherent nature of the cation and type of polymer
15

incorporated. It is well known that increasing the hydrophilicity of the polymer increases
the water uptake within the network.63,105 However, the impact of the cation’s identity on
the water uptake in an AEM is just as important. When reports comparing
trimethylammonium- and imidazolium-based cations are studied, it becomes clear that the
trimethylammonium facilitates more water uptake than its imidazolium counterpart (Table
1).12,79,82,83

For

example,

when

quaternary

ammonium-,

imidazolium-,

and

methylimidazolium-based AEMs were synthesized at similar IEC values, the QA-based
AEM had the highest water uptake at 25 ˚C (38.9 wt%), followed by the
methylimidazolium-based AEM (24.3 wt%), and the imidazolium-based AEM had the
lowest water uptake (10.1 wt%).82 Accordingly, it quickly becomes difficult to attribute
differences in conductivity to either cation identity or water uptake, since the two cannot
be easily decoupled.
1.3.2.2 Morphology
One key design feature utilized extensively in AEMs to improve ion conduction is
microphase separation. It has been shown that introducing phase separation to an AEM can
drastically increase ion conductivity, as well as improve mechanical and thermal stabilities,
through the formation of interconnected hydrophilic, ion containing channels.29,30,32–
35,81,106–109

These hydrophilic channels allow for more efficient flow of water molecules

and hydrated ions throughout the network. In order for phase separation to occur, the
chemical mismatch between the hydrophobic matrix and the hydrophilic, ion-containing
phase must be large enough that they overcome the entropic penalty for phase separation
and form segregated phases as opposed to remaining mixed, indicated through the FloryHuggins interaction parameter, χ.33
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Therefore, it is important to understand the impact that the nature of the cation and the
polymer chemistry used have on the capability of a network to phase separate, as AEMs
are typically formed from a hydrophobic polymer matrix and a hydrophilic, ionic pendant
group.29,30,106–109 The mismatch between the two materials is strongly influenced by the
polarity of the two species, and the polarity difference is known to strongly influence the
morphology obtained through phase separation.30 A more disordered morphology is
obtained as the polarity difference between the immiscible phases decreases, enhancing the
mechanical and conductive properties of AEMs.30,33,110 Therefore, changing the polymer
backbone or the nature of the cation will alter the difference in polarity between the two
components, changing the microphase separation of the network.
The channel size has also been well established to impact the ion transport properties.
Channels smaller than 5 nm have been shown to facilitate better water and ion mobility,
although larger channels have better channel continuity, leading to enhanced ion
conductivity.30,111–115 Since the cationic head groups are positioned in the hydrophilic
channel, and different cations interact with the water molecules differently, the size and
identity of the cation can significantly influence the size of the channels through their
bulkiness and ability to structure water molecules. Therefore, as the sizes of those channels
change, the ease with which water and ions flow through the network will be impacted,
leading to changes in the ultimate ion conduction.
1.3.2.3 IEC
Another key property of the AEM that influences its ion conductivity is its IEC. Since
this value indicates the number of cations incorporated into the network, increasing the
IEC leads to better ion conduction.5,31 As such, reports will often strive for the highest IEC
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possible in the specific chemical platform to achieve the best ion conduction possible. The
drive for the highest possible IEC results in a wide range of IEC values seen throughout
literature, especially as different types of cations and polymer matrices are incorporated
into the network. The range in IEC values observed becomes more apparent as different
cations are used because changing the identity of the cation can have an impact on the
efficiency with which cations can be incorporated into the network. For example, as cations
become more hydrophobic and increase in size, it can be difficult to achieve high IEC
values.71–73 It is difficult to compare AEMs at one IEC value to membranes with higher
IEC values, as there is no simple correction that can be applied to membranes with different
IEC values. This inability to easily correct for the IEC value is due in large part to its
influence on other properties, such as water uptake.
1.4 Currently Identified Bulk Parameters Used to Understand Conductivity
Up to this point, the polymer backbone’s and cationic head group’s impact on AEM
properties have been discussed, especially in regard to ion conductivity. Due to the
complexity with understanding the relationship between the materials used and AEM ion
conductivity, parameters that can decouple or operate independently of AEM water uptake
and ion conduction must be developed.1,5,24,25,27,36,37,105 Despite very little direct attention
being addressed to understanding this relationship and developing these parameters, over
time four parameters have been identified and used to better understand ion conduction: 1)
hydration number, 2) ion concentration, 3) the ratio of the effective diffusion coefficient
for the conducting ion, D, to the dilute solution diffusivity for the ion, Do (D/Do), and 4)
the activation energy (Ea) of ion conduction.11,32,35,54,81,103 All of these parameters represent
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attempts to account for differences in water uptake, IEC values, and bulk ion mobility and
their influence on ion conduction within the network.
1.4.1 Hydration Number and Ion Concentration
The hydration number refers to the number of water molecules present within the
network per cation incorporated and can be expressed through equations 1 and 2:116
1000 𝑥 𝑊𝑈

𝜆=𝑀

𝐻2 𝑂

𝑊𝑈 =

𝑥 𝐼𝐸𝐶

𝑚ℎ𝑦𝑑 −𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦

× 100%

(1)
(2)

where WU is the water uptake in the AEM as a weight percent, 𝑀𝐻2 𝑂 is the molecular mass
of water (18.015 g/mol), IEC is the calculated IEC of the membrane, mhyd is the hydrated
mass, and mdry is the dry mass.11,117 Since λ is proportional to WU/IEC, it accounts for the
impact of the cation content on the water uptake and is used to relate that relationship to
the ion conduction. A larger λ corresponds to an increased hydration of the ions present in
the network which corresponds to enhanced ion mobility and conduction.87 However, this
parameter only describes the amount of bulk water present within a network per cation. It
does not provide insight into the state of the water. In ion conducting membranes, a large
portion of the water is bound to the cations and is immobile, meaning it is not useful for
enhancing ion mobility.118–121 Therefore, understanding the ratio of bound water to free
flowing water is paramount in understanding the hydration’s impact on ion conduction and
is not addressed with this λ parameter. Furthermore, while increasing the λ is expected to
increase the ion conduction, such a correlation is not always observed, possibly due to the
limited knowledge of the state of water within the network (Figure 7).11
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Figure 7. Plot of bicarbonate conductivity versus λ for ruthenium-, tetramethylbisphenol, imidazolium-, and phosphonium-based AEMs at various IECs. Figure an adaption from
literature.11
While understanding the impact of cation content on water uptake is crucial for
understanding ion conduction, understanding the reverse is also critical, which is why ion
concentration is another parameter frequently used to understand ion conduction. Ion
concentration relates to how densely packed the ions are within an AEM, where more ions
per unit volume is assumed to enhance ion conduction, and is represented by equation 3:11
𝜌 𝑥 𝐼𝐸𝐶

𝑐 = 1 + 𝑊𝑈

(3)

where c is the concentration of ions in the swollen network (mmol ion/mL of AEM and
water combined) and ρ is the density of the dried membrane measured by determining its
dried volume and mass. Ion concentration is an attempt to account for the impact of water
uptake on the ion content in the network.
Understanding both parameters is critical to understanding ion conduction since they
are inverse of each other and increasing one parameter decreases the other.72 However, this
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interdependence also underlines the difficulty in using these two parameters to describe
ion conduction in AEMs. It is difficult to optimize both parameters and nearly impossible
to de-couple the impact of each parameter on the ultimate ion conductivity. While that is
an important reason to understand both parameters, it also expresses the need to develop
additional parameters to explain ion conduction.
1.4.2 D/Do and Ea
Given the interdependence between λ and ion concentration, exploring the mobility of
ions within an AEM and how that impacts ion conduction has received increasing attention.
Studying the mobility of the conducting ions is traditionally accomplished with two
parameters: D/Do and Ea. D/Do corresponds to the diffusion of the anion in the network and
is an attempt to elucidate the efficiency with which it moves through the network.35 This
parameter can be understood through the ratio of equation 4/equation 5:
𝜎𝑅𝑇

𝐷 = 𝑐𝑧 2 𝐹2
𝐷𝑜 =

(4)

𝜇𝑘𝐵 𝑇

(5)

𝑞

where σ is the measured conductivity, R is the gas constant, T is the temperature, c is the
ion concentration, z is the valence charge of the cation, F is Faraday’s constant, μ is the
dilute solution ion mobility, kB is the Boltzmann constant, and q is the charge of the anion.
D/Do is an effective parameter for comparing conductivity from different anions as it
normalizes the conductivity based on the efficiency with which an anion diffuses as
compared to itself, which accounts for the differences in ion mobility for various ions.
However, despite this benefit, trends in D/Do are rarely explained in detail or
correlated between different types of membranes. Figure 8 summarizes the impact of D/Do
on

bicarbonate

conductivity

for

AEMs
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functionalized

with

ruthenium-,

tetramethylammonium-, imidazolium-, and phosphonium-based cations.11 This data
demonstrates that within one type of AEM a general correlation between D/Do and ion
conductivity may exist, but that correlation does not exist between AEMs with different
cations. Furthermore, D/Do is typically only discussed as the overall bulk diffusion of ions
within the network, with no exploration into different states of diffusion. For example, it
has been shown that anions closer to the polymer matrix diffuse more quickly than anions
in the center of a hydrophilic channel.87,92 Expanding upon the knowledge of this parameter
would provide a deeper understanding of the impact of AEM structure and cation identity
on ion conduction.

Figure 8. Plot of bicarbonate conductivity versus D/Do for ruthenium (black squares)-,
tetramethylbisphenol (TMA, red circles)-, imidazolium (blue triangle)-, and phosphoniumbased (green inverted triangle) AEMs at various IECs. Figure adapted from literature.11
The final parameter typically discussed is the Ea, which corresponds to the kinetic
barrier to ion conduction within a network, and can be understood through equation 6:11
ln(𝜎) = ln(𝜎𝑜 ) −
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𝐸𝑎
𝑅𝑇

(6)

where σ is the ion conductivity, σo is the pre-exponential factor, R is the gas constant, and
T is the temperature. Theoretically, the Ea is a critical parameter for ion conduction as it
describes the difficulty with which ion conduction can initially occur, but it is rarely
discussed in detail in literature.103 Furthermore, when discussed, rarely does the Ea
correlate well to differences in ion conductivity, leading to this parameter receiving less
attention than the other three parameters discussed.
1.5 Molecular-Level Parameters
All four of the parameters typically used to describe ion conduction (λ, ion
concentration, D/Do, and Ea) represent bulk membrane properties. While these bulk
parameters inform researchers of certain aspects of AEM ion conductivity, it is clear that
they do not fully capture the ion conduction phenomenon. Given the complexity with using
those four parameters, the field has begun to explore other parameters that can be identified
to explain and potentially predict ion conduction in AEMs. Since ion conductivity in AEMs
is both a bulk- and molecular-level phenomenon, seen through both the bulk membrane
hydration and molecular level ion mobility, the idea of understanding and predicting ion
conduction through the development of a molecular-level parameter has recently been
proposed.
Very few reports have explored the idea of developing a molecular-level understanding
of ion conduction, but of the few that have, the importance of the molecular-level
association strength between the cation and its counter anion has proven to be critical.12,63
Since the counterion must first dissociate from the cation for conductivity to occur, a
weaker association between the two ions would allow for more facile dissociation and lead
to enhanced ion conductivity.90 The impact of ion dissociation was first indicated in a report
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studying the difference in ion conduction between materials with chloride and bicarbonate
ions to identify parameters that can enhance ion conduction in these membranes.27 That
report concluded that the percentage of free ions in the network is a major factor limiting
ion conduction in AEMs, proposing that increasing the steric hindrance around the cation
or the basicity of the cation could lead to a larger percentage of free ions, due to a weaker
association strength between the cation and its counterion.
In addition to that initial report, a recent study explored the impact of the Arrhenius
basicity of different iminium cations on AEM chemical stability and ion conductivity.12
The Arrhenius basicity of the cation was determined from the ion-exchange ratio of AEMs
from the hydroxide to chloride form (termed BI) and represents the dissociation constant
for the ion pair. This report correlated the Arrhenius basicity to the ion conductivity of the
AEMs, showing that as the basicity of the cation increased, the ion conductivity also
increased (Figure 9). Understanding a material’s Arrhenius basicity could be used to
predict the AEM’s ultimate ion conductivity, since a larger basicity correlates to a weaker
cation-counterion association.
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Figure 9. Plot of hydroxide conductivity versus the Arrhenius basicity of a Nmethylbenzimidazole (BI = 0.02)-, N-methylimidazole (BI = 0.46)-, 4-(N,Ndimethylamino)pyridine (BI=0.53)-, and trimethylammonium (BI=0.83)-based AEM.
Data adapted from literature.12
This Arrhenius basicity approach demonstrates the critical importance of the
molecular-level association strength between the cations used in AEMs and their
counterions. It shows that decreasing the association strength leads to enhanced ion
conduction in the AEM. Gaining a deeper understanding of this molecular-level parameter
will afford a better understanding of ion conduction and ultimately allow for the prediction
of AEM conductivity, permitting the field to focus its efforts on the polymers and cations
with the highest potential.
1.6 Format of the Dissertation
As described above, there is an understudied challenge for the design of an ideal AEM:
elucidating the impact of both the cation’s identity and polymer backbone on AEM
conductivity. In this dissertation, we describe our contribution to developing that
relationship and how that relationship can be used to inform the design of AEMs to have
enhanced ion conductivity. Through the design and synthesis of metal cation-based AEMs
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we isolated the impact of the cation’s identity on AEM conductivity and used the
thermodynamics of dissociation between the cation and its counterion to explain the
conductivity data obtained.
As such, Chapter 2 will discuss the design and synthesis of metal cation-based
AEMs synthesized using ring-opening metathesis polymerization (ROMP) to allow the
incorporation of six different metal cations with four different counterions. Chapter 2 will
also discuss the synthesis of AEMs specifically designed to produce micro-phase
separation fabricated using the robust thiol-ene reaction. Chapter 3 will explore the two
types of AEMs for their various properties, such as water uptake, mechanical stability, and
ion conductivity, and correlate cation identity to those properties. Chapter 3 will also
explore the traditionally used bulk membrane parameters to attempt to explain ion
conductivity trends. Chapter 4 will utilize isothermal titration calorimetry (ITC) to capture
the thermodynamics of dissociation quantifying the cation-counterion association strength
(CCAS) and correlate the CCAS to ion conduction. Chapter 5 explores the CCAS of
quaternary ammonium-based cations to identify cation design features that weaken that
association strength. Finally, Chapter 6 presents the main conclusions discussed throughout
this dissertation and offers potential next steps for this research.
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CHAPTER 2
SYNTHESIS OF METAL CATION-BASED AEMS
Reprinted (adapted) with permission from J. AM. CHEM. SOC., 2018, 140 (25), 79617969; J. POLYM. SCI. PART A POLYM. CHEM., 2018, 56 (3), 328-339; J. MATER.
CHEM. A, 2017, 5 (4), 1400-1405; J. AM. CHEM. SOC., 2019, submitted.
Copyright 2019 American Chemical Society, 2018 John Wiley and Sons, 2017 Royal
Society of Chemistry.
2.1 Introduction
Anion exchange membranes (AEMs) are notorious for having low ion conductivity and
poor chemical stability in the operating conditions of fuel cells, namely high alkaline, high
temperature conditions.1,5,17,26–30 Metal cation, ring-opening metathesis polymerization
(ROMP)-based AEMs have demonstrated potential as a new class of materials available
for use in AEMs as they have shown excellent chemical stability and comparable ion
conductivity.11,59 These materials were synthesized from a norbornene functionalized
terpyridine ligand used to form a heteroleptic, bis(terpyridine) ruthenium complex
monomer that was polymerized in the presence of dicyclopentadiene (DCPD). The
combination of the heteroleptic ruthenium monomer and DCPD allowed for the systematic
control of both crosslinking density and ion exchange capacities (IEC). Those studies
demonstrated that a crosslinker to ruthenium monomer ratio of 5:1 showed optimal
mechanical and conductive properties. Despite that potential, ruthenium is a rare metal and
thus not ideal for use in AEMs.122–125 This ROMP-based platform represents an ideal
chemical approach towards incorporating a variety of different metal cations as the metal
center of bis(terpyridine) complexes can easily be changed. The ability to easily change
the nature of the metal cation provides an optimal approach to studying the impact of a
cation’s identity on AEM properties. Therefore, this work expands upon those initial
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reports to incorporate a variety of different metal cations including ruthenium, nickel,
cobalt, iron, zinc, and manganese, with the synthesis of these monomers and their
subsequent AEMs described here. Furthermore, through the functionalization of these
terpyridine ligands, the incorporation of metal cations into different synthetic platforms
can also be easily accomplished, as demonstrated here with the thiol-ene reaction.
2.2 Experimental
2.2.1 Thiol-Ene-Based AEMs
2.2.1.1 Materials
2,2-azobis(isobutryonitrile) (AIBN, Sigma Aldrich) was purified by recrystallization from
methanol. Tetrahydrofuran (Fisher Scientific) was dried over sodium under N2 and then
distilled before use. Exo-5-norbornene-2-carboxylic acid, lithium aluminum hydride
(LiAlH4), triethylamine (TEA), 4-(dimethylamino)pyridine (DMAP), p-toluenesulfonyl
chloride (Tosyl-Cl), dimethylformamide (DMF), cesium carbonate, 3,5-dihydroxybenzyl
alcohol, dimethyl sulfoxide (DMSO), potassium hydroxide (KOH), 4-chloro-2,2’:6’,2’’terpyridine, chloroform, irgacure 2959, 2,2’-(ethylenedioxy)diethanethiol, 4-vinylbenzyl
chloride, sodium hydride (NaH, powder), styrene, toluene, 2-cyano-2-propyl dodecyl
trithiocarbonate, nickel(II) chloride hexahydrate, dichloromethane (DCM), methanol,
sodium sulfate, ethyl acetate, hexane, and diethyl ether were purchased from Sigma
Aldrich, Alfa Aesar, Acros Organics, Fisher Scientific or Tokyo Chemical Industry and
were used as received.
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2.2.1.2 Synthesis of Monomer 3
2.2.1.2.1 5-norbornene-2-methanol.
Exo-5-nobornene-2-carboxylic acid (1.0 g, 7.2 mmol), was dissolved in THF (22.5 mL)
and cooled in an ice bath. Lithium aluminum hydride solution in THF (2.4 M, 2.26 mL)
was added dropwise to the solution, the flask was removed from the ice bath and the
reaction was stirred overnight at room temperature. The flask was then cooled in an ice
bath and quenched with RO water. The precipitated salt was filtered and the THF was
removed in vacuo. The remaining oil was diluted with water and the product was extracted
with chloroform. The chloroform was dried over Na2SO4 and removed in vacuo providing
precursor monomer, (yield 0.863 g, 96 %) as a clear liquid product. δH (500 MHz, CDCl3)
6.10 (2H, m), 3.71 (1H, m), 3.55 (1H, m), 2.83 (1H, s), 2.76 (1H, s), 1.62 (1H, m), 1.371.20 (3H, m), 1.12 (1H, m).
2.2.1.2.2 Monomer 1.
Monomer 1 was synthesized following an adaption of previously published procedures.126
A mixture of Tosyl–Cl (9.2 g, 0.048 mol, 1.2 eq.), DMAP (catalytic amount), 5norbornene-2-methanol (5 g, 0.04 mol, 1 eq.) and DCM (130 mL) were stirred in an ice
bath and purged with N2 gas. Once the solution was chilled, TEA (8.4 mL, 0.06, 1.5 eq.)
was added dropwise. The solution was stirred under an N2 atmosphere overnight as the
solution warmed to room temperature. After the reaction was complete, the solution was
washed with RO water three times after which the organic layer was dried with sodium
sulfate. The salt was filtered off, solvent was removed, and the crude product was purified
using a CombiFlash Isco automated silica column with an eluent mixture of ethyl acetate
and hexanes. A gradient from 0-10% ethyl acetate over 40 minutes at a flow rate of 25
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mL/min was sufficient for separation. Upon removal of solvent by rotary evaporation, the
product was obtained as a colorless oil, which became a white solid upon drying under
high vacuum and freezing at -20 °C (yield 78%). 1H NMR (CDCl3, ppm, 500 MHz): 7.80
(2H, d), 7.28 (2H, d), 6.05 (2H, br), 4.08 (1H, dd), 3.91 (1H, t), 2.80 (1H, s), 2.69 (1H, s),
3.73 (1H, m), 1.30 (1H, d), 1.22 (1H, dt), 1.16 (1H, d), 1.07 (1H, m). 13C NMR (CDCl3,
ppm, 500 MHz): 144.68, 137.08, 135.99, 133.24, 129.84, 127.90, 74.39, 44.82, 43.36,
41.57, 38.19, 29.35, 21.66.
2.2.1.2.3 Monomer 2.
A mixture of monomer 1 (4.4 g, 0.016 mol, 2.2 eq.), 3,5-dihydroxybenzyl alcohol (1.01 g,
7.2 mmol, 1 eq.), and DMF (30 mL) was stirred while being purged with N2 gas. Once
purged, Cs2CO3 (5.63 g, 0.016 mol, 2.2 eq.) was added as a powder. The reaction mixture
was left under an N2 atmosphere and was stirred at 80 °C overnight. After complete
conversion, the mixture was cooled to room temperature and diluted with DI water. The
product was then extracted with diethyl ether three times and dried over sodium sulfate.
The solvent was removed via rotary evaporation, where heptane was used to facilitate
removal of residual DMF. The crude product was purified using a CombiFlash Isco
automated silica column with an eluent mixture of ethyl acetate and hexanes. A gradient
of 0-15% ethyl acetate over the first 20 minutes, 15-35% ethyl acetate over the next ten
minutes and 35-50 % over the final 10 minutes was used to obtain sufficient separation at
a flow rate of 25 mL/min. The solvent was removed by rotary evaporation, and after drying
under high vacuum, the product was obtained as a cream colored solid (yield 79%). 1H
NMR (CDCl3, ppm, 500 MHz): 6.53 (2H, br), 6.42 (1H, br), 6.15 (2H, m), 6.10 (2H, m),
4.63 (2H, d), 4.01 (2H, dt), 3.83 (2H, t), 2.86 (4H, br), 1.88 (2H, br), 1.35 (6H, m), 1.23
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(2H, m).
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C NMR (CDCl3, ppm, 500 MHz): 160.59, 143.25, 136.86, 136.47, 106.13,

100.67, 72.41, 65.47, 45.07, 43.74, 41.62, 38.57, 29.68. HRMS-ESI (m/z): calcd for
C23H28O3, 352.20; found 353.20 [M + H]+.
2.2.1.2.4 Monomer 3.
To DMSO (19 mL) was added KOH (0.755 g, 0.013 mol 5.73 eq.) and 2 (1 g, 2.8 mmol,
1.2 eq.). The mixture was then stirred at 60 °C for 30 minutes under N2 gas, during which
the solution turned orange. 4-chloro-2,2’:6’,2’’-terpyridine (0.63 g, 2.3 mmol, 1 eq.) was
then added to the solution as a powder and the solution was allowed to react for 6 hours at
60 °C. After 6 hours, a precipitate formed. The solution was then cooled to room
temperature, added to methanol (180 mL), and placed in the -20 °C freezer overnight to
fully precipitate the product. The precipitate was filtered, producing the product as an offwhite powder (yield 87%) 1H NMR (CDCl3, ppm, 500 MHz): 8.7 (2H, br), 8.63 (2H, d),
8.12 (2H, s), 7.85 (2H, dt), 7.33 (2H, m), 6.67 (2H, d), 6.47 (1H, s), 6.15 (2H, m), 6.10
(2H, m), 5.26 (2H, s), 4.04 (2H, m), 3.85 (2H, t), 2.87 (4H, br), 1.89 (2H, m), 1.33 (6H,
m), 1.26 (2H, m).
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C NMR (CDCl3, ppm, 500 MHz): 166.93, 160.58, 157.21, 156.11,

149.07, 138.30, 136.85, 136.51, 123.88, 121.39, 107.66, 106.67, 101.28, 72.45, 69.92,
45.09, 43.75, 41.63, 38.58, 29.67. HRMS-ESI (m/z): calcd for C38H37N3O3, 583.28; found
584.29 [M + H]+.
2.2.1.2.5 Homopolymerization of Monomer 3
Monomer 3 (0.1 g, 0.17 mmol, 1 eq.) and 2,2’-(ethylenedioxy)diethanethiol (0.028 mL,
0.17 mmol, 1 eq.) were dissolved in DCM (0.48 mL). Irgacure 2959 (2 mg, 0.009 mmol, 5
wt %) was then added and once dissolved, the solution was irradiated with UV light (365
nm) for one hour. The solution was then diluted with CHCl3 and precipitated into methanol
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three times. The product was dried under high vacuum and obtained as a white solid (90
%).
2.2.1.2.6 Synthesis of Monomer 4
Monomer 4 was synthesized following an adaption from a previously published
procedure.33 Into an oven-dried round bottom flask sodium hydride (0.077g, 3.2 mmol, 2
eq.) and DMF (5 mL) with stir bar were added. The flask was placed in an ice bath and
purged with N2 gas. 5-norbornene-2-methanol (0.2g, 1.6 mmol, 1 eq.) was added dropwise
over the course of 5 minutes. After stirring for 15 min., 4-vinylbenzyl chloride (0.249 mL,
1.8 mmol, 1.1 eq.) was added and the reaction was stirred overnight as it warmed to room
temperature. The mixture was quenched with methanol, then extracted from water with
ethyl acetate. After drying, the product was purified via silica column chromatography in
a mixture of hexanes and toluene (gradient from a ratio of 4:1 to 1:1, hexanes:toluene)
(yield 54%). 1H NMR (CDCl3, ppm, 500 MHz): 7.40 (2H, d), 7.30 (2H, d), 6.72 (1H, dd),
6.11 (1H, m), 6.05 (1H, m), 5.75 (1H, d), 5.23 (1H, d), 4.52 (2H, s), 3.51 (1H, dd), 3.36
(1H, t), 2.79 (2H, br), 1.73 (1H, m), 1.27 (3H, m), 1.11 (1H, m).
2.2.1.2.7 Polymerization of Monomer 4
2.2.1.2.7.1 Copolymerization of monomer 4 with styrene.
Into a flask containing a stir bar, styrene (2.48 mL, 0.022 mol), monomer 4 (0.25 g, 1
mmol), AIBN (0.006 g, 0.04 mmol), 2-cyano-2-propyl dodecyl trithiocarbonate (0.063 g,
0.18 mmol) and toluene (2.6 mL) were added. The solution was degassed with N2 followed
by three cycles of freeze-pump-thaw to ensure full removal of oxygen. The reaction flask
was then immersed in an 80 °C oil bath and was allowed to stir for 16 hours, or until 50 %
conversion was attained. The reaction products were then cooled to room temperature,
32

precipitated into methanol three times and dried under vacuum to afford the product CP4
as a yellow precipitate.
2.2.1.2.7.2 Homopolymerization of monomer 4.
Into a flask containing a stir bar, monomer 4 (1 g, 4.2 mmol), AIBN (0.0024 g, 0.01 mmol),
2-cyano-2-propyl dodecyl trithiocarbonate (0.025 g, 0.07 mmol) and toluene (1 mL) were
added. The solution was degassed with N2 followed by three cycles of freeze-pump-thaw
to ensure full removal of oxygen. The reaction mixture was then heated with an 80 °C oil
bath and was allowed to stir for 16 hours. It was then cooled to room temperature,
precipitated into methanol three times and dried under vacuum to afford the product HP4
as a yellow precipitate.
2.2.1.2.8 Synthesis of Anion Exchange Membranes
2.2.1.2.8.1 General Procedure.
Into a 22 mL scintillation vial, the polystyrene crosslinker, either CP4 or HP4, 3, 2,2’(ethylenedioxy) diethanethiol and NMP were added. The solution was vortexed until all
compounds completely dissolved. Next, nickel(II) chloride hexahydrate and Irgacure 2959
were added and then vortexed until completely dissolved. The reaction mixture was then
syringed into a rectangular Teflon mold that was then covered with a glass slide to allow
UV light through. The solution was irradiated with UV, 365 nm, light for 2 hours after
which it was placed into liquid water to dialyze out the NMP and any unreacted monomers
and photoinitaitor. The membrane was left in the water for 2 days, during which the water
was changed every few hours. The resulting transparent, brown membrane was then stored
in liquid water at room temperature.
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2.2.1.2.8.2 CP4-5Ni.
A general procedure was followed with the amounts: CP4 (0.015 g), 3 (0.0177 g, 0.03
mmol), 2,2’-(ethylenedioxy) diethanethiol (0.0059 mL, 0.036 mmol), NMP (0.16 mL),
nickel(II) chloride hexahydrate (3.6 mg, 0.015 mmol) and Irgacure 2959 (2-4 mg, 0.0090.018 mmol).
2.2.1.2.8.3 CP4-10Ni.
A general procedure was followed with the amounts: CP4 (0.01 g), 3 (0.0237 g, 0.04
mmol), 2,2’-(ethylenedioxy) diethanethiol (0.0073 mL, 0.045 mmol), NMP (0.17 mL),
nickel(II) chloride hexahydrate (4.8 mg, 0.02 mmol) and Irgacure 2959 (2-4 mg, 0.0090.018 mmol).
2.2.1.2.8.4 CP4-20Ni.
A general procedure was followed with the amounts: CP4 (0.05 g), 3 (0.0237 g, 0.04
mmol), 2,2’-(ethylenedioxy) diethanethiol (0.0069 mL, 0.042 mmol), NMP (0.16 mL),
nickel(II) chloride hexahydrate (4.8 mg, 0.02 mmol) and Irgacure 2959 (2-4 mg, 0.0090.018 mmol).
2.2.1.2.8.5 HP4-5Ni.
A general procedure was followed with the amounts: HP4 (0.005 g), 3 (0.0304 g, 0.052
mmol), 2,2’-(ethylenedioxy) diethanethiol (0.0102 mL, 0.063 mmol), NMP (0.19 mL),
nickel(II) chloride hexahydrate (6.2 mg, 0.026 mmol) and Irgacure 2959 (2-4 mg, 0.0090.018 mmol).
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2.2.1.2.8.6 HP4-10Ni.
A general procedure was followed with the amounts: HP4 (0.0025 g), 3 (0.0304 g, 0.052
mmol), 2,2’-(ethylenedioxy) diethanethiol (0.0093 mL, 0.057 mmol), NMP (0.176 mL),
nickel(II) chloride hexahydrate (6.2 mg, 0.026 mmol) and Irgacure 2959 (2-4 mg, 0.0090.018 mmol).
2.2.1.2.8.7 HP4-20Ni.
A general procedure was followed with the amounts: HP4 (0.0015 g), 3 (0.0364 g, 0.062
mmol), 2,2’-(ethylenedioxy) diethanethiol (0.0107 mL, 0.066 mmol), NMP (0.2 mL),
nickel(II) chloride hexahydrate (7.4 mg, 0.031 mmol) and Irgacure 2959 (2-4 mg, 0.0090.018 mmol).
2.2.2 ROMP-Based AEMs
2.2.2.1 Materials
Tetrahydrofuran (Fisher Scientific) was dried over sodium under nitrogen gas (N2) and
then distilled before use. Exo-5-norbornene-2-carboxylic acid, lithium aluminum hydride
(LiAlH4), dimethyl sulfoxide (DMSO), potassium hydroxide (KOH), 4-chloro-2,2’:6’,2’’terpyridine,

nickel(II)

chloride

hexahydrate,

cobalt(II)

chloride

hexahydrate,

ruthenium(III) chloride hydrate, manganese (II) chloride anhydrous, zinc chloride, iron (II)
chloride tetrahydrate, dicyclopentadiene (DCPD), Grubb’s 2nd generation catalyst (G2),
n-ethylmorpholine, dihydroxyl-terminated poly(ethylene oxide) (PEO), triphenyl
phosphine, diisopropyl azodicarboxylate (DIAD), 4-toluenesulfonyl chloride, 4(dimethylamino)pyridine (DMAP), dimethylformamide (DMF), sodium hydride,
dichloromethane (DCM), methanol, chloroform, sodium sulfate, ethyl acetate, hexane, and
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diethyl ether were purchased from Sigma Aldrich, Alfa Aesar, Acros Organics, Fisher
Scientific, or Tokyo Chemical Industry and were used as received.
2.2.2.2 Metal Cation Monomer Synthesis.
2.2.2.2.1 Norbornene-Terpyridine Ligand (P2).
P2 was synthesized as an adaption of a previous report.59 5-norbornene-2-methanol (2.0 g,
0.016 mol) was added to a flask containing KOH (2.6 g, 0.046 mol) in DMSO (40 mL) and
was heated at 75 °C for 2 hours. 4’-chloro-2,2’:6’,2”-terpyridine (2.16 g, 0.0081 mol)
dissolved in DMSO (40 mL) was heated at 75 °C for 2 hours then poured into the flask
containing P1. The mixture was stirred for 48 hours at 80 °C. Once cooled, the mixture
was poured into cold RO water and the product extracted with ethyl acetate. The ethyl
acetate was dried over Na2SO4 and removed in vacuo. Pure P2 (yield 2.43 g, 86 %), was
recrystallized from methanol and obtained as off-white crystals. δH (500 MHz, CDCl3)
8.76 (4H, br), 8.15 (2H, br), 7.99 (2H, br), 7.45 (2H, br), 6.15 (2H, m), 4.38 (1H, m), 4.21
(1H, m), 2.91 (2H, d), 1.97 (1H, m), 1.39 (4H, m).
2.2.2.2.2 Homoleptic Metal Complex General Procedure.
P2 dissolved in DCM was added to the appropriate metal chloride salt dissolved in
methanol in a round bottom flask with stir bar. The solution was stirred at room temperature
overnight. The solvent was removed in vacuo and the solid was dried under vacuum. The
resulting product was used without further purification unless otherwise stated.
2.2.2.2.3 Ruthenium Complex. P2
(0.5 g, 1.4 mmol) and RuCl3-3H2O (0.175 g, 0.67 mmol) were dissolved in methanol (125
mL) and stirred under reflux for 2 hours. N-ethylmorpholine (0.147 mL, 1.1 mmol) was
added and the solution was stirred under reflux overnight. The solution turned a deep
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red/brown color as the reaction went. The methanol was removed in vacuo and the resulting
deep red powder was washed with a mixture of cold RO water and CHCl3. The red
precipitate was then filtered and dried resulting in the pure product. M2 (yield 0.43 g, 79
%). IR vmax/cm-1 3343, 2963, 1606, 1542, 1466, 1417, 1396, 1358, 1339, 1283, 1207, 1158,
1114, 1040, 1022, 1001, 982, 902, 859, 787, 758, 712, 696. δH (500 MHz, CD3OD) 8.72
(4H, d, 8.2), 8.63 (4H, s), 7.98 (4H, t, 7.8), 7.51 (4H, d, 5.2), 7.26 (4H, t, 6.6), 6.26 (4H,
m), 4.67 (2H, m), 4.52 (2H, t, 9.2), 3.08 (2H, s), 3.02 (2H, s), 2.17 (2H, m), 1.63 (2H, d,
8.5), 1.55 (6H, m). δC (126 MHz; CD3OD) 166.39, 158.57, 156.42, 151.95, 137.64,
136.92, 135.87, 127.40, 124.34, 110.85, 74.17, 44.63, 43.71, 41.63, 38.50, 29.18. ESI-MS
m/z 267.2377 (M+, 12%), 362.1364 (M2+, 16), 406.2014 (M2+, 72).
2.2.2.2.4 Nickel Complex.
The nickel complex was synthesized as described above with the following amounts: 2
(0.25 g, 0.7 mmol), nickel(II) chloride hexahydrate (0.084 g, 0.35 mmol), DCM (2.5 mL)
and methanol (2.5 mL), resulting in a tan powder in quantitative yield that was used without
further purification. IR vmax/cm-1 2963, 1600, 1558, 1472, 1437, 1365, 1220, 1159, 1054,
1033, 1014, 1002, 859, 793. ESI-MS m/z 340.1472 (M2+, 26%), 384.2060 (M2+, 62),
803.3941 (M2+ + Cl-, 12).
2.2.2.2.5 Cobalt Complex.
The cobalt complex was synthesized as described above with the following amounts: 2
(0.25 g, 0.7 mmol), cobalt(II) chloride hexahydrate (0.084 g, 0.35 mmol), DCM (2.5 mL)
and methanol (2.5 mL), resulting in a deep red/brown powder in quantitative yield that was
used without further purification. IR vmax/cm-1 3303, 2961, 1600, 1554, 1472, 1438, 1364,
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1254, 1219, 1159, 1054, 1029, 1000, 859, 792. ESI-MS m/z 340.6440 (M2+, 34%),
384.7001 (M2+, 49), 716.2576 (M+ + Cl-, 4) 804.3863 (M+ + Cl-, 13).
2.2.2.2.6 Iron Complex.
The iron complex monomer was synthesized as described above with the following
amounts: norbornene terpyridine ligand (0.4 g, 1.13 mmol), iron (II) chloride tetrahydrate
(0.112 g, 0.56 mmol), DCM (5 mL) and methanol (5 mL) resulting in a deep purple powder
in quantitative yield that was used without further purification. 1H NMR (MeOD, ppm, 500
MHz): 8.66 (4H, s), 8.58 (4H, d), 7.83 (4H, t), 7.17 (4H, br), 7.08 (4H, br), 6.17 (4H, m),
4.65 (2H, t), 4.52 (2H, t), 3.01 (2H, br), 2.91 (2H, br), 2.10 (2H, br), 1.56 (2H, m), 1.45
(6H, m).
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C NMR (MeOD, ppm, 500 MHz): 168.40, 160.86, 158.37, 152.89, 138.40,

136.96, 135.90, 127.17, 123.60, 111.29, 74.52, 44.68, 43.76, 41.66, 38.53, 29.30. ESI-MS
m/z 383.1944 (M2+, calculated 383.14)
2.2.2.2.7 Manganese Complex.
The manganese complex monomer was synthesized as described above with the following
amounts: norbornene terpyridine ligand (0.4 g, 1.13 mmol), manganese (II) chloride (0.071
g, 0.56 mmol), ethanol (10 mL) resulting in a tan powder in quantitative yield that was
used without further purification. ESI-MS m/z 382.6985 (M2+, calculated 382.64).
2.2.2.2.8 Zinc Complex.
The zinc complex monomer was synthesized as described above with the following
amounts: norbornene terpyridine ligand (0.35 g, 0.98 mmol), zinc (II) chloride (0.067 g,
0.49 mmol), DCM (5 mL) and methanol (5 mL) resulting in a light brown powder in
quantitative yield that was used without further purification. 1H NMR (MeOD, ppm, 500
MHz):8.67 (4H, d), 8.37 (4H, s), 8.08 (4H, m), 7.76 (4H, br), 7.36 (4H, t), 6.13 (4H, m),
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4.57 (2H, m), 4.42 (2H, m), 2.93 (2H, br), 2.88 (2H, br), 2.01 (2H, m), 1.50 (2H, m), 1.40
(6H, m).
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C NMR (MeOD, ppm, 500 MHz): 171.86, 151.04, 148.13, 147.30, 141.08,

136.94, 135.81, 74.48, 44.59, 43.65, 41.61, 38.40, 29.12. ESI-MS m/z 387.1948 (M2+,
calculated 387.14).
2.2.2.2.9 Norbornene-functionalized PEO (with ester linkages).
The PEO, 4,000 g/mol, was functionalized with norbornene end groups using the
Mitsunobu reaction as previously reported in literature.127,12811,59,60,63 Dihydroxy PEO (1
eq.) was dried overnight in a vacuum oven at 60 °C and dissolved in a septum-sealed flask
with DCM, magnetic stir bar, exo-5-norbornenecarboylic acid (6 eq.), and triphenyl
phosphine (6 eq.) under nitrogen and placed in an ice bath. Diisopropyl azodicarboxylate
(6 eq.) was diluted in dry DCM under nitrogen, added dropwise to the reaction, and stirred
overnight. After the reaction was complete, the functionalized PEO was purified via
precipitation into diethyl ether followed by vacuum filtration resulting in a white powder
(80% yield) with 95% norbornene functionalization. Molecular characterization matched
what has been previously reported for this molecule.127,128
2.2.2.2.10 Norbornene Functionalized PEO (with ether linkages).
Tosylated 5-norbornene-2-methanol (norbornene tosyl) was synthesized and used as
reported above.81 Sodium hydride (0.2 g, 8.3 mmol) was added to a 50 mL round bottom
flask with a stir bar. The flask was then covered with a septum and purged with N 2 gas.
PEO (4 kg/mol, 1 g, 0.25 mmol) was dissolved in DMF (8 mL) and added via syringe to
the flask, which was kept under positive N2 pressure. The solution was stirred at 80 ˚C for
30 minutes. Norbornene tosyl (0.36 g, 1.25 mmol) was then dissolved in DMF (2 mL) and
added to the flask via syringe. The solution was then stirred at 80 ˚C overnight. In the
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morning, the flask was cooled to room temperature, after which the remaining sodium
hydride was slowly quenched with methanol until bubbling stopped. The solution was then
diluted with diethyl ether (50 mL) and placed in a -20 ˚C freezer to allow the PEO to
precipitate overnight. In the morning the solution was filtered, after which the resulting
powder was dissolved in minimum DCM, filtered and then precipitated into diethyl ether.
After precipitating overnight in a -20 ˚C freezer, the product was filtered and dried under
vacuum for 24 hours resulting in a white powder product (0.94 g, 94% yield).
2.2.2.3 AEM Synthesis
2.2.2.3.1 Synthesis with no PEO crosslinker.
2.2.2.3.1.1 Membrane Preparation.
All AEMs were synthesized following an adaption of a previously reported procedure.59
The required monomer, dicyclopentadiene, and norbornene, were dissolved in a
methanol/chloroform mixture. A solution of Grubb’s 2nd generation catalyst (G2) in
chloroform was added and the solution was stirred vigorously for up to one minute. The
solution was transferred to a pre-heated (40 °C) aluminum pan (diameter of ~7 cm and
depth of ~1.5 cm) on a hot plate set to 40 °C. The pan was then covered by a glass jar
(diameter of ~7.5 cm and depth of ~9 cm) to slow down evaporation of the solvent. After
one hour, the cover was removed and the temperature remained at 40 °C. After another
hour, the temperature was raised to 70°C. The membrane was then cooled and transferred
to a glass jar. It was then swelled in 100% methanol, followed by 70% aqueous methanol,
and then 30% aqueous methanol for at least 6 hours each. Finally the membrane was
swelled in 100% RO water for at least 12 hours and the resulting membrane was stored in
fresh RO water at all time unless otherwise stated.
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2.2.2.3.1.2 0.17Ru.
The resulting deep red, translucent membrane was generated with the following amounts:
the ruthenium monomer (0.15 g, 0.15 mmol), norbornene (0.0135 g, 0.14 mmol) and
dicyclopentadiene (0.078 mL, 0.58 mmol) were dissolved in a chloroform/methanol cosolvent (2.03 mL/0.225 mL, respectively). G2 (2.9 mg, 0.0034 mmol) was dissolved in
chloroform (0.225 mL). The resulting deep red, translucent membrane was generated as
stated above. The associated N-ethylmorpholinium chloride byproduct associated with
ruthenium complexes is not shown since its presence is well documented and its thorough
removal was performed as described previously.11,59
2.2.2.3.1.3 0.33Ru.
The resulting deep red, translucent membrane was generated with the following amounts:
the ruthenium monomer (0.05 g, 0.048 mmol), norbornene (2.3 mg, 0.024 mmol), and
dicyclopentadiene (0.0098 mL, 0.073 mmol) were dissolved in a chloroform/methanol cosolvent (0.6 mL/0.25 mL, respectively). G2 (1 mg, 0.001 mmol) was dissolved in
chloroform (0.15 mL). The resulting deep red, translucent membrane was generated as
stated above. The N-ethylmorpholinium chloride byproduct associated with ruthenium
complexes is not shown as its presence is well documented and its thorough removal was
performed as described previously.11,59
2.2.2.3.1.4 0.5Ru.
The resulting deep red, translucent membrane was generated with the following amounts:
the ruthenium monomer (0.05 g, 0.048 mmol), norbornene (1.5 mg, 0.016 mmol), and
dicyclopentadiene (0.0044 mL, 0.032 mmol) were dissolved in a chloroform/methanol cosolvent (0.6 mL/0.25 mL, respectively). G2 (1 mg, 0.001 mmol) was dissolved in

41

chloroform (0.15 mL). The resulting deep red, translucent membrane was generated as
stated above. The N-ethylmorpholinium chloride byproduct associated with ruthenium
complexes is not shown as its presence is well documented and its thorough removal was
performed as described previously.11,59
2.2.2.3.1.5 0.17Ni.
The resulting brown, translucent membrane was generated with the following amounts: the
nickel monomer (0.15 g, 0.18 mmol), norbornene (0.0165 g, 0.18 mmol) and
dicyclopentadiene (0.096 mL, 0.71 mmol) were dissolved in a chloroform/methanol cosolvent (2.03 mL/0.225 mL, respectively). G2 (2.9 mg, 0.0034 mmol) was dissolved in
chloroform (0.225 mL), added to the monomers and stirred vigorously. The resulting
brown, translucent membrane was generated as stated above.
2.2.2.3.1.6 0.33Ni.
The resulting brown, translucent membrane was generated with the following amounts:
the nickel monomer (0.05 g, 0.06 mmol), norbornene (2.8 mg, 0.03 mmol), and
dicyclopentadiene (0.12 mL, 0.09 mmol) were dissolved in a chloroform/methanol cosolvent (0.6 mL/0.25 mL, respectively). G2 (1 mg, 0.001 mmol) was dissolved in
chloroform (0.15 mL). The resulting brown, translucent membrane was generated as stated
above.
2.2.2.3.1.7 0.5Ni.
The resulting brown, translucent membrane was generated with the following amounts:
the nickel monomer (0.05 g, 0.06 mmol), norbornene (1.9 mg, 0.02 mmol), and
dicyclopentadiene (0.0054 mL, 0.04 mmol) were dissolved in a chloroform/methanol cosolvent (0.6 mL/0.25 mL, respectively). G2 (1 mg, 0.001 mmol) was dissolved in
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chloroform (0.15 mL). The resulting brown, translucent membrane was generated as stated
above.
2.2.2.3.1.8 0.17Co.
The resulting red/brown, translucent membrane was generated with the following amounts:
the cobalt monomer (0.15 g, 0.18 mmol), norbornene (0.0165 g, 0.18 mmol) and
dicyclopentadiene (0.096 mL, 0.71 mmol) were dissolved in a chloroform/methanol cosolvent (2.03 mL/0.225 mL, respectively). G2 (2.9 mg, 0.0034 mmol) was dissolved in
chloroform (0.225 mL). The resulting red/brown, translucent membrane was generated as
stated above.
2.2.2.3.1.9 0.33Co.
The resulting red/brown, translucent membrane was generated with the following amounts:
the cobalt monomer (0.05 g, 0.06 mmol), norbornene (2.8 mg, 0.03 mmol), and
dicyclopentadiene (0.12 mL, 0.09 mL) were dissolved in a chloroform/methanol co-solvent
(0.6 mL/0.25 mL, respectively). G2 (1 mg, 0.001 mmol) was dissolved in chloroform (0.15
mL). The resulting red/brown, translucent membrane was generated as stated above.
2.2.2.3.1.10 0.5Co.
The resulting red/brown, translucent membrane was generated with the following amounts:
the cobalt monomer (0.05 g, 0.06 mmol), norbornene (1.9 mg, 0.02 mmol), and
dicyclopentadiene (0.0054 mL, 0.04 mmol) were dissolved in a chloroform/methanol cosolvent (0.6 mL/0.25 mL, respectively). G2 (1 mg, 0.001 mmol) was dissolved in
chloroform (0.15 mL). The resulting red/brown, translucent membrane was generated as
stated above.
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2.2.2.3.2 AEM Synthesis with PEO crosslinker containing ester linkages.
2.2.2.3.2.1 Membrane Preparation.
In order to keep the crosslink density consistent, the cationic metal complexes were
polymerized in the presence of norbornene, dicyclopentadiene (DCPD), and the
hydrophilic PEO.11,59,60,127,128 The metal-containing monomer, dicyclopentadiene,
norbornene, and telechelic PEO were dissolved in a methanol/chloroform mixture. A
solution of Grubb’s 2nd generation catalyst (G2) in chloroform was added and the solution
was stirred vigorously for up to one minute. The solution was transferred to a pre-heated
(40 °C) aluminum pan (diameter of ~7 cm and depth of ~1.5 cm) on a hot plate set to 40
°C. The pan was then covered with a glass jar (diameter of ~7.5 cm and depth of ~9 cm) to
slow evaporation of the solvent. After one hour at 40 °C, the cover was removed and the
temperature remained at 40 °C for another hour, after which the temperature was raised to
70 °C for one more hour. The membrane was then cooled and transferred to a glass jar
where it was swollen in 100% methanol, followed by 70% aqueous methanol, and then
30% aqueous methanol for at least 6 hours for each solution. Finally, the membrane was
swelled in 100% RO water for at least 12 hours and the resulting membrane was stored in
fresh RO water until characterization unless otherwise stated.
2.2.2.3.2.2 0.36RuPEOes.
The resulting deep red, translucent membrane was generated with the following amounts:
the ruthenium monomer (0.1 g, 0.096 mmol), norbornene (9 mg, 0.096 mmol),
dicyclopentadiene (0.0098 mL, 0.048 mmol), and PEO (0.097 g, 0.024 mmol) were
dissolved in a chloroform/methanol co-solvent (1.2 mL/0.5 mL, respectively). G2 (2 mg,
0.002 mmol) was dissolved in chloroform (0.3 mL). The resulting deep red, translucent
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membrane was generated as stated above. The N-ethylmorpholinium chloride byproduct
associated with ruthenium complexes is not shown as its presence is well documented and
its thorough removal was performed as described previously.11,59
2.2.2.3.2.3 0.55RuPEOes.
The resulting deep red, translucent membrane was generated with the following amounts:
the ruthenium monomer (0.1 g, 0.096 mmol), norbornene (6.1 mg, 0.065 mmol), and PEO
(0.0645 g, 0.016 mmol) were dissolved in a chloroform/methanol co-solvent (1.2 mL/0.5
mL, respectively). G2 (2 mg, 0.002 mmol) was dissolved in chloroform (0.3 mL). The
resulting deep red, translucent membrane was generated as stated above. The Nethylmorpholinium chloride byproduct associated with ruthenium complexes is not shown
as its presence is well documented and its thorough removal was performed as described
previously.11,59
2.2.2.3.2.4 0.36NiPEOes.
The resulting brown, translucent membrane was generated with the following amounts: the
nickel monomer (0.1 g, 0.12 mmol), norbornene (11 mg, 0.12 mmol), dicyclopentadiene
(0.008 mL, 0.06 mmol), and PEO (0.119 g, 0.03 mmol) were dissolved in a
chloroform/methanol co-solvent (1.2 mL/0.5 mL, respectively). G2 (2 mg, 0.002 mmol)
was dissolved in chloroform (0.3 mL). The resulting brown, translucent membrane was
generated as stated above.
2.2.2.3.2.5 0.55NiPEOes.
The resulting brown, translucent membrane was generated with the following amounts: the
nickel monomer (0.1 g, 0.12 mmol), norbornene (7.5 mg, 0.08 mmol), and PEO (0.079 g,
0.02 mmol) were dissolved in a chloroform/methanol co-solvent (1.2 mL/0.5 mL,
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respectively). G2 (2 mg, 0.002 mmol) was dissolved in chloroform (0.3 mL). The resulting
brown, translucent membrane was generated as stated above.
2.2.2.3.2.6 0.36CoPEOes.
The resulting red/brown, translucent membrane was with the following amounts: the cobalt
monomer (0.1 g, 0.12 mmol), norbornene (11 mg, 0.12 mmol), dicyclopentadiene (0.008
mL, 0.06 mmol), and PEO (0.119 g, 0.03 mmol were dissolved in a chloroform/methanol
co-solvent (1.2 mL/0.5 mL, respectively). G2 (2 mg, 0.002 mmol) was dissolved in
chloroform (0.3 mL). The resulting red/brown, translucent membrane was generated as
stated above.
2.2.2.3.2.7 0.55CoPEOes.
The resulting red/brown, translucent membrane was generated with the following amounts:
the cobalt monomer (0.1 g, 0.12 mmol), norbornene (7.5 mg, 0.08 mmol), and PEO (0.079
g, 0.02 mmol) were dissolved in a chloroform/methanol co-solvent (1.2 mL/0.5 mL,
respectively). G2 (2 mg, 0.002 mmol) was dissolved in chloroform (0.3 mL). The resulting
red/brown, translucent membrane was generated as stated above.
2.2.2.3.3 AEM Synthesis with PEO crosslinker containing ether linkages.
2.2.2.3.3.1 Membrane Preparation.
In order to keep the crosslink density consistent, the cationic metal complexes were
polymerized in the presence of norbornene, dicyclopentadiene (DCPD), and the
hydrophilic PEO.11,59,60,127,12811,59,60,63 The metal-containing monomer, dicyclopentadiene,
norbornene, and telechelic PEO were dissolved in a methanol/chloroform mixture. A
solution of Grubb’s 2nd generation catalyst (G2) in chloroform was added and the solution
was stirred vigorously for up to one minute. The solution was transferred to a pre-heated
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(40 °C) aluminum pan (diameter of ~7 cm and depth of ~1.5 cm) on a hot plate set to 40
°C. The pan was then covered with a glass jar (diameter of ~7.5 cm and depth of ~9 cm) to
slow evaporation of the solvent. After one hour at 40 °C, the cover was removed and the
temperature remained at 40 °C for another hour, after which the temperature was raised to
70 °C for one more hour. The membrane was then cooled and transferred to a glass jar
where it was swollen in 100% methanol, followed by 70% aqueous methanol, and then
30% aqueous methanol for at least 6 hours for each solution. Finally, the membrane was
swelled in 100% RO water for at least 12 hours and the resulting membrane was stored in
fresh RO water until characterization unless otherwise stated.
2.2.2.3.3.2 0.55RuPEOet.
The resulting red, translucent membrane was generated by the following: the ruthenium
monomer (0.15 g, 0.12 mmol), norbornene (11.25 mg, 0.12 mmol), norbornene
functionalized PEO (0.12 g, 0.03 mmol) were dissolved in a chloroform/methanol cosolvent (1.8 mL/0.75 mL, respectively). G2 (3 mg, 0.003 mmol) was dissolved in
chloroform (0.45 mL). The resulting deep red, translucent membrane was generated as
stated above. The N-ethylmorpholinium chloride byproduct associated with ruthenium
complexes is not shown as its presence is well documented and its thorough removal was
performed as described previously.11,59
2.2.2.3.3.3 0.55NiPEOet.
The resulting brown, translucent membrane was generated by the following: the nickel
monomer (0.15 g, 0.18 mmol), norbornene (11.25 mg, 0.12 mmol), norbornene
functionalized PEO (0.12 g, 0.03 mmol) were dissolved in a chloroform/methanol cosolvent (1.8 mL/0.75 mL, respectively). G2 (3 mg, 0.003 mmol) was dissolved in
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chloroform (0.45 mL). The resulting brown, translucent membrane was generated as stated
above.
2.2.2.3.3.4 0.55CoPEOet.
The resulting red/brown, translucent membrane was generated by the following: the cobalt
monomer (0.15 g, 0.18 mmol), norbornene (11.25 mg, 0.12 mmol), norbornene
functionalized PEO (0.12 g, 0.03 mmol) were dissolved in a chloroform/methanol cosolvent (1.8 mL/0.75 mL, respectively). G2 (3 mg, 0.003 mmol) was dissolved in
chloroform (0.45 mL). The resulting red/brown, translucent membrane was generated as
stated above.
2.2.2.3.3.5 0.55FePEOet.
The resulting purple, translucent membrane was generated by the following: the iron
monomer (0.15 g, 0.19 mmol), norbornene (11.25 mg, 0.12 mmol), norbornene
functionalized PEO (0.12 g, 0.03 mmol) were dissolved in a chloroform/methanol cosolvent (1.8 mL/0.75 mL, respectively). G2 (3 mg, 0.003 mmol) was dissolved in
chloroform (0.45 mL). The resulting purple, translucent membrane was generated as stated
above.
2.2.2.3.3.6 0.55MnPEOet.
The resulting tan, translucent membrane was generated by the following: the manganese
monomer (0.15 g, 0.20 mmol), norbornene (11.25 mg, 0.12 mmol), norbornene
functionalized PEO (0.12 g, 0.03 mmol) were dissolved in a chloroform/methanol cosolvent (1.8 mL/0.75 mL, respectively). G2 (3 mg, 0.003 mmol) was dissolved in
chloroform (0.45 mL). The resulting tan, translucent membrane was generated as stated
above.
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2.2.2.3.3.7 0.55ZnPEOet.
The resulting tan, translucent membrane was generated by the following: the zinc monomer
(0.15 g, 0.19 mmol), norbornene (11.25 mg, 0.12 mmol), norbornene functionalized PEO
(0.12 g, 0.03 mmol) were dissolved in a chloroform/methanol co-solvent (1.8 mL/0.75 mL,
respectively). G2 (3 mg, 0.003 mmol) was dissolved in chloroform (0.45 mL). The
resulting tan, translucent membrane was generated as stated above.
2.2.3 Determination of Ion Exchange Capacity
2.2.3.1 Acid-Base Titration.
To calculate membrane IEC values for the non-PEO containing samples, membranes in the
OH- form were immersed in 10 mL of a 0.01 M HCl solution for 24 hours with stirring.
The solutions were then back titrated, with stirring, using a 0.01 M KOH solution to pH =
7. The membranes were washed and immersed with DI water for 24 hours to remove
residual salts, after which they were dried under vacuum at 50 °C for 24 hours and weighed
for their dried mass. This titration was also performed on blank samples containing no
membrane, as a control. The IEC was calculated using equation 7:
𝐼𝐸𝐶 =

(𝑉𝑐 −𝑉𝑠 )𝑐𝐾𝑂𝐻 ∗1000
𝑚𝑠

(7)

where Vc is the volume of the KOH solution used for the control sample, Vs is the volume
of the KOH solution used for the sample, cKOH is the concentration of the KOH solution
and ms is the dried mass of the sample.
2.2.3.2 Mohr’s Titration.
To calculate the ion-exchange capacity (IEC), the membranes were first ion-exchanged to
the chloride form by immersing it in a 1 M NaCl solution for 24 hours. The sample was
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then thoroughly rinsed with deionized water to remove any excess chloride ion.
Following this, the samples were immersed in a 0.5 M aqueous solution of sodium
sulfate. This process leached out the chloride ions making them available for reaction.
The resulting solution was titrated using a 0.1 M silver nitrate solution in the presence of
a few drops of potassium chromate (0.25 M) as indicator. The IEC (mmol/g) of the
membrane was calculated from the amount of silver nitrate consumed (mmol) during the
titration and the mass of the dry membrane.
2.2.4 AEM Gel Fraction.
The gel fraction was determined as follows. The AEM was synthesized as described
previously, but instead of the standard work-up, they were instead placed in methanol and
heated at 70°C overnight. The samples were then dried in vacuum at 50°C and weighed.
2.3 Results and Discussion
2.3.1 Thiol-Ene-Based AEMs
2.3.1.1 Synthesis of Monomers and Macromonomers
To incorporate metal cations into a thiol-ene-style synthetic platform, a dinorbornene functionalized terpyridine ligand monomer, 3, was synthesized in four steps,
as shown in Figure 10A. The thiol-ene reaction was chosen due to its fast reaction times,
high conversions, ambient reaction conditions, and high functional group tolerance.129–136
To demonstrate monomer 3’s ability to participate in the thiol-ene step-growth
polymerization, homopolymer P3 was synthesized by reacting 3 and a dithiol in NMP with
a photoinitiator (Figure 10B). After irradiating for an hour under UV light, 1H NMR
confirmed complete conversion of the double bond peak into the desired polymer and THF
gel permeation chromatography (GPC) was used to confirm polymer formation (Figures
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11 and 12). This polymerization further demonstrated the versatility and functional group
tolerance of the thiol-ene reaction, as it was able to polymerize despite the presence of the
terpyridine group. Using 3 also allows for the facile incorporation of metal complexes into
thiol-ene style linear polymers and networks, opening the door for further use of these types
of functional groups in polymer applications.

Figure 10. Synthetic procedure for A) monomer 3: (i) THF, LiAlH4, 0 °C-r.t., overnight;
(ii) THF, TEA, DMAP, 0 °C-r.t., overnight; (iii) DMF, Cs2CO3, 80 °C, overnight; (iv)
DMSO, KOH, 60 °C, 6 hours, and B) polymerization of monomer 3 via the thiol-ene
reaction yielding polymer P3: (v) CHCl3, Irgacure 2959, UV (365 nm) 1 hr.
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Figure 11. 1H NMR in CDCl3 for monomer 3 and homopolymer P3, showing complete
disappearance of the norbornene double bond peaks highlighted with a green box.

Figure 12. GPC trace with THF as an eluent for P3 with molecular weight and dispersity
showed as an inset.
Once 3 was synthesized, a second polymer was chosen that would phase separate
from P3 in a crosslinked network. A norbornene functionalized, polystyrene (PS)-based

52

polymer was selected due to its chemical stability and the expectation that having the
hydrophobic PS in conjunction with the nickel cation polymer would result in a phaseseparated network. To accomplish this goal, monomer 4 was synthesized from 4vinylbenzyl chloride, following an adaptation from published literature,33 and then
copolymerized with styrene using reverse addition-fragmentation chain transfer (RAFT)
polymerization to produce the copolymer CP4 (Figure 13). This polymer was then
characterized using 1H NMR and gel permeation chromatography (GPC). From the 1H
NMR it was determined that CP4 was 23 % by weight monomer 4 (Figure 14), and the
molecular weight from GPC was 6,700 g/mol with a dispersity of 1.1 (Figure 15 and Table
2), which correlated to roughly 6 repeat units of 4 and 50 repeat units of styrene per polymer
chain. That meant that CP4 would act as a multi-functional, alkaline stable,
macromonomer crosslinker in the thiol-ene reaction, with a degree of functionality (fn) of
six. Furthermore, since it was synthesized by the copolymerization of 4 and styrene, the fn
can be easily controlled simply by modulating the ratio of the two monomers, adding better
tunability to the resulting network. As a way to demonstrate this tunability, 4 was also
homopolymerized using RAFT to produce the crosslinker HP4, a polymer where every
repeat unit contains a norbornene functional group. From the GPC trace it was determined
that HP4 had a molecular weight of 8,200 g/mol with a dispersity of 1.75, which correlated
to an average degree of polymerization, or in this case a fn, of 34 (Figure 16 and Table 2).
While 4 does not homopolymerize in a controlled, living manner, it demonstrated the ease
with which a wide range of fn can be obtained.
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Figure 13. Synthetic procedure for A) monomer 4 and B) polymerization via RAFT for
copolymer CP4 (X=6, Y=50) or homopolymer HP4 (X=0, Y=34).

Figure 14. 1H NMR spectra of CP4 showing the integration of the norbornene peak,
labeled ‘b’, and the benzene ring peak, labeled ‘a’, corresponding to an incorporation of 4
in CP4 to be 23 wt%.
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Figure 15. GPC trace with THF as an eluent for CP4.

Figure 16. GPC trace with THF as an eluent for HP4.

Table 2. Summary of molecular weights and dispersity for CP4 and HP4.
Sample Mp
CP4
6,700
HP4
8,200

Mn
6,000
12,200

55

Mw
6,800
21,400

D
1.11
1.75

2.3.1.2 Synthesis of AEMs
The final step was to then synthesize the AEMs. This was accomplished by
dissolving 3, a dithiol, either CP4 or HP4, photoinitiator, and nickel(II) chloride in NMP
and irradiating the solution with UV light for an hour (Figure 17). Nickel was chosen for
two reasons: 1) it has been shown to produce membranes with enhanced conductivity but
comparable chemical stability to membranes containing the previously used rutheniumcations,11,59,60 and 2) synthesizing nickel-terpyridine complexes can be accomplished more
easily than ruthenium complexes.11,59,60,137 Upon mixing, monomer 3 coordinated with
nickel(II) chloride, resulting in a homoleptic, bis(terpyridine) complex crosslinker with
four norbornenes. Once the membrane was formed, it was transitioned from NMP to liquid
water by soaking for two days in water.
Six different AEMs were fabricated, three with CP4 and three with HP4 as the
crosslinker, where the amount of 3 added was modified so each membrane contained on
average either 5, 10, or 20 repeat units of 3, correlating to 5, 10, or 20 repeat units of nickel
cations, between two PS crosslinkers. However, despite increasing the metal content, all
three samples had IEC values around 1 mmol/g, as determined by an acid-base titration
(Table 3).7,117 Full nomenclature and components of each membrane can be seen in Figure
17, where the first part of the name indicates which PS crosslinker was used and the number
indicates the average repeat units of 3. The presence or absence of “Ni” indicates whether
the membrane contains nickel or not. In other words, the sample CP4-5Ni was synthesized
using the PS crosslinker CP4, where there should be on average 5 repeat units of 3 between
two PS crosslinkers and it contains nickel. CP4-5 on the other hand, is the same exact
membrane as CP4-5Ni, except it does not contain nickel cations.
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Table 3. Membrane IEC values for the CP4-based AEMs.
Sample
CP4-5Ni
CP4-10Ni
CP4-20Ni

IECexp (mmol/g)
0.98 ± 0.09
1.07 ± 0.07
1.13 ± 0.20

Figure 17. Synthetic scheme for synthesis of AEMs using monomer 3 and CP4 or HP4.

2.3.2 ROMP-Based AEMs
Given the potential that metal cation-, ROMP-based AEMs provided, the previous
work was expanded here to include a variety of metal cations including ruthenium, nickel,
cobalt, iron, zinc, and manganese. In previous reports, heteroleptic ruthenium complexes
were synthesized in order to decouple the crosslinking density from the IEC of the
membranes. This was possible due to the stability and slow equilibrium kinetics of the
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ruthenium-terpyridine bond allowing for a step-wise synthesis of the monomer.11,59
However, as additional metal cations were synthesized and incorporated into the network,
a heteroleptic complex was no longer easily attained, due to the increased metal-terpyridine
bond equilibrium kinetics for the other five metals.137–139 Therefore, the same norbornenefunctionalized terpyridine ligand was synthesized as previously reported. In this case,
however, two equivalents of the ligand were reacted with the various metal-chloride salts
resulting in six homoleptic metal cations in the chloride form (Figure 18).

Figure 18. Synthetic scheme for the synthesis of di-norbornene bis(terpyridine) metal
complex cations in the chloride form containing ruthenium, nickel, cobalt, iron,
manganese, and zinc.
When designing metal cation-containing AEMs, an important factor to consider is
the redox potential of the complex. If the metals are active within the operation range of
the AEMFC, then potentially detrimental side reactions can occur.1,140 However, it has been
shown that three of the metal-terpyridine complexes (ruthenium, nickel, cobalt) contain
redox potentials outside the range for AEMs and should not be active (Table 4).141–146
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Table 4. Redox potentials for an AEMFC and bis(terpyridine) ruthenium, nickel, and
cobalt complexes.
Metal
AEMFC
Electrodes.1,140, a
Ruthenium142–

Redox Potential (V)
Source of redox Potential
+0.4
Reduction of oxygen at cathode
+0.83
Oxidation of hydrogen at anode
-0.98 to -1.08
Oxidation wave
144,146, b
-1.41
Reduction wave
+0.26
+3/+2 transition
Cobalt145, b
-0.77
+2/+1 transition
-1.07
First wave
Nickel141, b
-1.36
Second wave
a
At PH 14. bCoordinated to two equivalents of terpyridine.
It was not confirmed that the redox potentials for the other three metal cations (iron,
manganese, and zinc) were outside of the range for AEMs, due to the fact that these three
metal cations were shown to be instable to high pH conditions. UV-vis spectra for
bis(terpyridine) iron, manganese, and zinc complexes in water showed that the cations
immediately de-complexed upon the addition of a 2M aqueous KOH solution (Figure 19).
Therefore, since these cations are already not stable under alkaline conditions, they are not
feasible for the ultimate use in fuel cells and thus their redox potential are not important.
However, despite this lack of chemical stability, studying these three cations in addition to
ruthenium, nickel, and cobalt, allows for a fuller fundamental understanding of the cation’s
impact on AEM properties.

Figure 19. UV-vis spectra for bis(terpyridine) A) iron, B) manganese and C) zinc dissolved
in RO water showing the complete loss of the absorption peaks associated with the metal
complex upon addition of an aqueous 2 M KOH solution.
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These six metal cation monomers where used to synthesize three different types of
ROMP-based AEMs: 1) without a PEO crosslinker, 2) with a PEO crosslinker containing
ester linkages, and 3) with a PEO crosslinker containing ether linkages (Figure 20). The
first type of AEM was initially synthesized to explore the impact of different metal cations
on AEM properties using ruthenium, nickel, and cobalt as they were the most stable metal
cations. However, due to poor mechanical properties, the second type of AEM was
synthesized, where the PEO crosslinker was intended to enhance the mechanical properties.
Finally, the third type of AEM was synthesized as a deeper exploration of the influence
from a cation’s identity was pursued and to demonstrate the ability to incorporate a PEO
crosslinker that also had alkaline stability.

Figure 20. Synthetic scheme for the three different types of ROMP-based AEMs
synthesized, where 1) corresponds to the AEMs containing no PEO crosslinker, 2)
corresponds to AEMs synthesized with a PEO crosslinker containing ester linkages
(shown), and 3) corresponds to AEMs synthesized with a PEO crosslinker containing ether
linkages.
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The first type of AEMs were synthesized from ruthenium, nickel, and cobalt
monomers with DCPD and norbornene using Grubbs second-generation catalyst (G2) in a
methanol/chloroform solvent mixture (Figure 20). Nine different AEMs where
synthesized, three for each metal, by modifying the monomer mole fraction of DCPD (f =
0.66, 0.5, or 0.33, respectively) and the metal cation monomer (f = 0.17, 0.33, or 0.5,
respectively) but keeping the amount of norbornene constant (f = 0.17). The monomer
content was altered to ensure that the molar ratio of non-crosslinkers to crosslinkers
remained 1:5 while the IEC of the AEMs was modified.
To confirm the incorporation of metal cations into the AEMs, the ion exchange
capacity (IEC) was determined experimentally by performing an acid-based titration
(Table 5). AEMs in the hydroxide from where reacted with HCl, where the amount of HCl
consumed, as determined from the titration, corresponds to the number of hydroxide ions
present and thus the number of cations present. This titration confirmed that the
incorporation of metal cations was effectively accomplished, and that increasing the
number of metal cation monomers incorporated led to the expected increase in IEC. The
IEC values confirmed that the faster equilibrium kinetics for the nickel and cobalt
complexes did not interfere with the polymerization and did not significantly hinder the
number of cations incorporated into the network.
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Table 5. IEC values for AEMs synthesized without a PEO crosslinker, determined using
an acid-base titration.
Metal
0.17Ru
0.33Ru
0.5Ru
0.17Ni
0.33Ni
0.5Ni
0.17Co
0.33Co
0.5Co

IEC (mmol/g)
0.89 ± 0.51
1.43 ± 0.25
1.81 ± 0.05
0.49 ± 0.11
1.26 ± 0.27
1.65 ± 0.17
0.56 ± 0.29
0.86 ± 0.43
1.39 ± 0.50

To determine the impact of metal-terpyridine equilibrium kinetics on AEM
formation, the gel fraction for 0.17Ru, 0.17Ni, and 0.17Co was also determined (Table 6). After
AEM formation, the membrane was placed in methanol and incubated at 70 ˚C overnight
to remove all the sol fraction. Once dried, it was determined that the nickel- and cobaltbased AEMs had a lower gel fraction (76-79%) than the more stable ruthenium-based AEM
(93%). A gel fraction of nearly 80% shows that these more labile metal cations can be used
to form networks, just not as effectively as the much slower ruthenium cation, indicating a
limitation for using metal cations as crosslinkers in AEMs.
Table 6. Gel fractions for the 0.17M samples.
Sample
0.17Ru
0.17Ni
0.17Co

Gel Fraction
93%
79%
76%

Due to the poor mechanical properties of the first type of AEM, (discussed in detail
in chapter 3), bis(norbornene) metal-terpyridine complexes containing nickel, ruthenium,
and cobalt were synthesized and copolymerized via ROMP with norbornene, DCPD, and
a long, hydrophilic poly(ethylene oxide) (PEO) crosslinker containing ester linkages, to
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maintain the same crosslink density (Figure 20).11,59,60 The di-norbornene functionalized
PEO crosslinker (4 kg/mol, Figure 21), synthesized following previously reported
procedures, was used to improve the water uptake and mechanical properties of the
membranes for handling purposes.105,127,128 Six AEMs were synthesized: three at a cationic
f = 0.36 and three with f = 0.55 within the network. In order to maintain the same crosslink
density between both sets of membranes, the lower metal content samples had DCPD at f
= 0.19, and the higher metal content samples had no DCPD, with all six membranes having
norbornene and the PEO crosslinker at f = 0.36 and 0.09, respectively. Full nomenclature
for these samples is reported in Figure 20, where the superscript before the element
indicates the metal cation monomer f in the network and the “PEOes” subscript denotes the
presence of the PEO crosslinker containing ester linkages. The IEC for these samples was
not determined experimentally due to the presence of the ester bonds in the PEO which
could degrade in the IEC back-titration procedure. However, due to the incorporation
determined for the AEMs without the PEO crosslinker, these membranes most likely
demonstrated similar metal cation incorporation.
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Figure 21. 1H NMR (500 MHz) in CDCl3 of the di-norbornene functionalized PEO
containing ester linkages, showing greater than 90 % functionalization.
To further study this class of materials with a wider range of metal cations, the third
type of AEM was synthesized from bis(norbornene) metal-terpyridine complexes
containing either iron, nickel, ruthenium, zinc, manganese, or cobalt copolymerized with
norbornene and a di-norbornene functionalized PEO (4 kg/mol) crosslinker containing
ether linkages using ROMP (Figure 20).11,59,60,63 The PEO crosslinker was synthesized via
reaction between PEO and a tosylated norbornene and used to enhance water uptake and
mechanical properties of the membrane (Figure 22). Functionalization using a tosylated
norbornene was performed to demonstrate the ability to enhance mechanical properties
using a PEO crosslinker that is also alkaline stable. Six AEMs were synthesized, one for
each metal cation used. All membranes were synthesized with a cationic monomer, PEO
crosslinker, and norbornene mole fraction (f) of 0.55, 0.09, and 0.36, respectively.
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Figure 22. Synthetic scheme for the synthesis of the di-norbornene functionalized PEO
containing ether linkages.
Due to the alkaline instability of iron, manganese, and zinc metal complexes, the
IEC for these membranes was determined using Mohr’s titration (Table 7). This approach
utilizes the precipitation of silver chloride from water to determine the number of chloride
ions present in the membrane by addition of silver nitrate which forms silver chloride. An
indicator that reacts with nitrate was used to determine the exact amount of silver nitrate
consumed, which corresponds to the amount of silver chloride that precipitates. All
membranes had similar IEC values between 1.58-1.79 mmol/g, except for the zinc-based
sample (1.26 mmol/g) and the manganese-based sample (0.68 mmol/g). It is possible that
these two cations resulted in lower IEC values because they represent the cations with the
fastest metal-terpyridine equilibrium kinetics.137,147,148 Since the equilibrium kinetics are
slowest for ruthenium, similar for nickel, cobalt, and iron, faster for zinc, and fastest for
manganese, it is possible that the zinc and manganese complexes represent the limit at
which the equilibrium kinetics begin to hinder metal cation incorporation.

Table 7. IEC values for AEMs synthesized with the PEO crosslinker containing ether
linkages, determined using Mohr’s titration.
Sample
0.55Ru
PEOet
0.55Ni
PEOet
0.55Co
PEOet
0.55Fe
PEOet
0.55Mn
PEOet
0.55Zn
PEOet

IEC (mmol/g)
1.58
1.79
1.68
1.75
0.68
1.26
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2.4 Conclusions
Metal cation-based AEMs have shown potential has a promising new class of
materials with improved chemical stability and comparable ion conduction as compared to
other organic-based AEMs. The reports of ROMP-based, bis(terpyridine) rutheniumcontaining AEMs have been expanded here to include two types of metal cation-based
AEMs: one synthesized using the thiol-ene reaction and the other synthesized using
ROMP. The thiol-ene-based membranes were successfully synthesized by reacting a
norbornene-functionalized polystyrene (PS) with a di-norbornene functionalized
terpyridine ligand in the presence of nickel chloride and a dithiol. These membranes were
designed specifically to incorporate microphase separation into metal cation-based AEMs,
as that has not been accomplished previously. This approach demonstrated the range of
reactions that can be utilized to synthesize metal cation-based AEMs. However, since the
thiol-ene reaction utilizes photoirradiation only certain metal cations can be incorporated
into a network synthesized using this reaction. Any metals that absorb light at the same
wavelength used for irradiation will render the reaction impossible as no light will reach
the photo initiator to initiate the reaction. Therefore, metals such as nickel and zinc can be
successfully incorporated, but ruthenium, iron and cobalt cannot be used with the
commonly used irradiation wavelength of 365 nm.
In addition to demonstrating the versatility of metal cations with the thiol-ene
reaction, the ROMP-based AEMs were also expanded to include a variety of different
metal cations and various PEO-based crosslinkers. The AEM formation proved to not be
significantly affected by the identity of the metal incorporated into the metal cation. This
was shown with six different metals: ruthenium, nickel, cobalt, iron, manganese, and zinc.
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While there was a slight decrease in the gel fraction and IEC values as more labile metalterpyridine complexes were incorporated, all metals were successfully incorporated and
crosslinked without noticeable defects. The ability to incorporate long, hydrophilic PEO
crosslinkers was also successfully demonstrated. The ability to synthesized alkaline stable
PEO crosslinkers was accomplished by incorporating ether linkages as opposed to the more
facile to synthesize ester linkages. Overall, this ROMP-based approach proved to be a
robust method for synthesizing AEMs.
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CHAPTER 3
LIMITATIONS OF USING TYPICAL BULK ANION EXCHANGE MEMBRANE
PROPERTIES TO UNDERSTAND ION CONDUCTIVITY
Reprinted (adapted) with permission from J. AM. CHEM. SOC., 2018, 140 (25), 79617969; J. POLYM. SCI. PART A POLYM. CHEM., 2018, 56 (3), 328-339; J. MATER.
CHEM. A, 2017, 5 (4), 1400-1405; J. AM. CHEM. SOC., 2019, submitted.
Copyright 2019 American Chemical Society, 2018 John Wiley and Sons, 2017 Royal
Society of Chemistry.
3.1 Introduction
AEM research has primarily focused on the most prominent challenges of current
materials: poor membrane ion conductivity, weak mechanical properties, and chemical
instability.1,5,11,28,31,39,82,87,108,149 In order to understand the various AEMs that have been
synthesized to solve these challenges, an array of properties are used including water
uptake, mechanical properties, chemical stability, ion exchange capacity, and ion
conductivity. Understanding these various properties and their impact on AEM
performance is crucial, especially for ion conduction.1,5,24,25,27,36,37,105
The rich history of AEM research has led to a general understanding of many factors
that can impact and explain membrane ion conductivity.11 The most prominent parameters
utilized for explaining ion conductivity in terms of the other bulk membrane properties
include: 1) hydration number (λ), 2) fixed ion concentration, 3) activation energy of ion
conduction (Ea), 4) ratio of the effective diffusion coefficient for the conducting ion, D, to
the dilute solution diffusivity for the ion, Do (D/Do), and 5) morphology of the
AEM.11,32,35,54,81,103 The hydration number, which corresponds to the number of water
molecules in a swollen membrane per cationic unit, is often used because a larger λ value
indicates more water, leading to an expected increase in ion conductivity of the
membrane.116 The ion concentration corresponds to the density of conducting ions within
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a swollen network, where more ions per unit volume is assumed to impart higher
conductivity.11 The final three parameters relate to the kinetic mobility of the ions in the
AEM and are used to explain conductivity in terms of either a smaller barrier to ion
mobility (Ea) or a more ideal movement of the ion in the membrane based on either
diffusion (D/Do) or membrane morphology.87,150–152 Here, the various metal cation-based
AEMs are characterized for these typically studied properties and parameters in the AEM
field to elucidate their potential as ion conducting membranes.
3.2 Experimental
3.2.1 Instrumentation
A Blak-Ray 100 W B-110 AP/R lamp was used to irradiate samples for
photopolymerization. The 1H and 13C NMR spectra were recorded using a Bruker 500 MHz
Ascend NMR Spectrometer retrofitted with a cryo-probe with all J-values given in Hz.
Mechanical properties were obtained using dynamic mechanical analysis (DMA) on a TA
Instruments DMA Q800. Polymer molecular weights determined in THF were measured
using gel permeation chromatography (GPC) on an Agilent 1260 series system equipped
with both a refractive index (RI) and an ultraviolet (UV) detector, a PL Gel 5 μm guard
column, two 5 μm analytic Mixed-C columns, and a 5 μm analytical Mixed-D column. All
columns were connected in series and incubated at 40 °C with THF as an eluent at a flow
rate of 1.0 mL/min with toluene as the flow marker. GPC data in DMF (with 0.1 M LiCl)
were obtained on an Agilent Technologies 1260 Infinity, fitted with a Gel 5 μm guard
column, a PL Gel 5 μm mix D 1° column, and a PL Gel 5 μm Mix C 1° column. All
columns were incubated at 50 °C in a mobile phase of DMF with 0.1 M LiCl at a flow rate
of 1 mL/min, using toluene as the flow marker. FTIR was performed using a PerkinElmer

69

Spectrum 100 FTIR spectrometer with a Universal ATR sampling accessory. Mass
spectroscopy was recorded using a Bruker MicrOTOF ESI-TOF Mass Spectrometer at the
University of Massachusetts, Mass Spectroscopy Facility. Small-angle X-ray scattering
(SAXS) was performed on an Osmic MaxFlux Cu Kα X-ray source with a wavelength of
1.54 Å and a 2-dimensional, gas-filled wire array detector (both from Molecular
Metrology, Inc.) at a distance of 1.476 m from the sample. The membrane impedance in
liquid water was obtained using an impedance/gain phase analyzer (Solartron 1260A,
Solartron Analytical, Farnborough Hampshire, ONR, UK). The membrane impedance in
95% relative humidity was obtained using a custom system that multiplexes the impedance
analyzer to temperature-calibrated positions within an ESPEC SH-241 bench-top type
temperature and humidity chamber
3.2.2 Monomer Water Solubility.
Norbornene-functionalized monomer’s water solubility was determined using UV-vis
spectroscopy. The metal cation monomers were first dissolved in methanol at five different
concentration ranging from 0.006 mM to 0.096 mM. Each solution was then characterized
for its UV-vis spectrum. The maximum absorbance for the peak occurring at 272 nm was
then plotted against the solution’s concentration, resulting in a linear line showing an
increase in the absorption at 272 nm as the concentration increased. That was then fit with
a linear regression forced through the data point 0,0, from which the slope of the line was
determined. A saturated solution of the monomer in RO water was then prepared. The
aqueous solution was filtered, and the UV-vis spectrum was determined. Using the
equation determined from the five methanol solutions and the max absorbance for the
saturated aqueous solution at 272 nm, the concentration of monomer dissolved in the RO

70

water was determined, indicating the level of water solubility for each metal cation
monomer.
3.2.3 Alkaline Stability.
3.2.3.1 NMR and GPC Polymer Stability.
Polymer samples were immersed in an aqueous 2 M KOH solution and incubated at 80 °C
for up to 72 hours. Samples were removed after 0, 1, 2, 4, 8, 24, or 72 hours. Once removed,
the sample was dried under vacuum at 50 °C for 24 hours. 1H NMR and DMF GPC were
performed on each sample to monitor degradation. Neither the 1H NMR spectra nor GPC
trace showed any change in molecular weight over the full 72 hours.
3.2.3.2 Stability of AEMs.
All AEMs were tested in the same way. The AEM in the chloride form was converted to
the hydroxide form by ion exchange in an aqueous 1 M KOH solution for 1 hour. The
membrane was then washed with RO water to remove excess ions and dried for 24 hours
at 50 °C under vacuum. The dried sample was weighed and then re-immersed in DI water
for 24 hours to re-hydrate it. The sample was then placed in an aqueous 2 M KOH solution
and incubated at 80 °C. The AEM was removed from the solution after either 6, 24 or 48
hours, washed with RO water to remove excess ions and then dried under vacuum at 50 °C
for 24 hours. The AEM was weighed for its mass after incubation and the percentage of
mass remaining was calculated.
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3.2.4 X-Ray scattering.
3.2.4.1 Characterization of Morphology.
SAXS measurements were conducted at room temperature on samples roughly 0.9 mm
thick. The samples were loaded onto the sample holder and placed in the instrument. They
were then irradiated for 360 seconds, during which the scattering profile was collected. The
domain spacing’s were calculated from the principle scattering maximum, q, using
equation 8.
𝑑=

2𝜋

(8)

𝑞

where d is the domain spacing and q is the principle scattering peak in nm -1. The domain
spacing for CP4-5Ni, CP4-10Ni, CP4-20Ni, HP4-10Ni and HP4-20Ni where 9.96 nm,
10.9 nm, 8.65 nm, 7.98 nm and 8.19 nm, respectively. Sample HP4-5Ni showed no
detectable scattering peak.
3.2.4.2 Stability of Morphology.
Sample CP4-20Ni was measured following the scattering procedure above, except it was
run swollen with liquid water. To keep the samples fully hydrated, the membranes was
placed in a button holder, which was filled with water and covered with Kapton, and then
screwed closed to ensure an air-tight seal. The sample was then irradiated for 360 seconds,
the profile collected, and the domain spacing determined using equation 8. CP4-20Ni was
irradiated twice, the first after formation and the second after incubation in RO water at 80
˚C for 1 hour.
3.2.5 Water Uptake.
The fully hydrated AEM was removed from liquid water and the surface was blotted to
remove surface water not absorbed into the membrane. The mass of the AEM was then
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recorded immediately and the membrane placed back into water for 5-10 minutes. This
process of weighing the hydrated membrane was repeated 3 times. The samples were then
dried for 24 hours in vacuum at 50 °C and the dried AEM was weighed for its dehydrated
mass. The percent water uptake was calculated using:
𝑤𝑢 =

𝑚ℎ𝑦𝑑 −𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦

× 100%

(2)

where wu is the water uptake in percent, mhyd is the average hydrated mass for all three
mass measurements and mdry is the dry mass.
3.2.6 Dynamic Mechanical Analysis (DMA).
The mechanical properties of all AEMs were tested using DMA while swollen and in the
chloride form at room temperature. All samples were cut into rectangular films 3-6 mm
wide and 15-20 mm long. Samples were tested either swollen in water or after being dried
for 24 hours at 50 ˚C under vacuum. The test was run with a preload force of 0.001 N
followed by a force ramp of 1 N/min until the sample broke, giving the stress and strain at
break.
3.2.7 Conductivity.
3.2.7.1 In 95% Relative Humidity.
Conductivity of samples in the chloride form was performed using an electrochemical
impedance spectrometer (EIS). For the measurements, aluminum mounts were first sputter
coated with gold using a Cressington 108 sputter coater. Samples were first measured for
their thickness, in centimeters, and then placed into a sample holder containing two
electrodes, with the sample in between the two electrodes. The holder was then loaded into
a custom system that multiplexes the impedance analyzer to one of eight temperature-
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calibrated positions within an ESPEC SH-241 bench-top type temperature and humidity
chamber. Samples were then heated at 95% relative humidity to 30 °C for 7200 seconds.
Impedance spectra in the frequency range of 10 MHz-0.1 Hz were recorded for each sample
at repeated time intervals of 1800 seconds, totaling four spectra per temperature. This was
then repeated at 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 70 °C, 60 °C, 50 °C, 40 °C, and 30 °C,
in that order. The temperature was ramped up and then back down to ensure consistency at
both the beginning and end of the experiment. The bulk resistance to ion conduction, R,
was then determined by fitting a constant function to the first plateau of the impedance
magnitude occurring at high frequencies. The conductivity was then calculated from the
known sample area, A = 0.074 cm2, and the measured sample thickness, d, as σ = d/(AR).
3.2.7.2 In Liquid Water.
The membrane resistance was obtained from the real value of the impedance where the
imaginary response was zero. The sample was placed between the electrodes, immersed in
liquid water and heated to 20 °C for one hour. The membrane impedance was measured
over a frequency range from 1 MHz to 100 Hz by two-point probe alternating current (AC)
impedance spectroscopy three times during the hour with an AC voltage of 10 mV. This
was then repeated at 20 °C up to 80 °C and then back down to 20 °C. The in-plane
conductivity, σ in mS/cm, of each membrane was calculated from σ = L/RA, where L is
the distance between reference electrodes, R is the resistance of the sample, and A is the
cross-sectional area of the sample.
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3.3 Results and Discussion
3.3.1 Thiol-Ene-Based AEMs
3.3.1.1 Morphology
Inducing phase segregation was an important goal for the development of the thiolene-based AEMs, so the membranes were first characterized for the presence or absence
of microphase-separation. The phase separation characteristics of the materials were
determined by performing room temperature small-angle X-ray scattering (SAXS) on all
six membranes, both with and without nickel present (Figure 23). All membranes were
studied after being dried under vacuum at 50 °C for 24 hours. When the membranes were
synthesized without the addition of nickel, no scattering peak was observed for any of the
samples, indicating a lack of phase separation. This seemed reasonable since the
membranes were essentially hydrophobic. Interestingly, however, once nickel was added,
a broad scattering peak appeared for all samples except for HP4-5Ni. The lack of a second
order peak indicated that the phase separation did not have long range order, and thus likely
arose from ionic clusters.117,153 The formation of ionic clusters, such as those observed here,
has been shown to produce membranes with enhanced conductivity, due to the formation
of ion conducting channels through the hydrophobic matrix.32,33,153,154 From Figure 23 it
was determined that the interdomain spacing in the samples ranged from 8-11 nm, which
is a typical range for ionic clusters in polymers.153 However, since the HP4 series produced
AEMs that were too brittle to handle, only the CP4 series was studied further.
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Figure 23. Room temperature SAXS patterns of A) CP4-based AEMs, CP4-5 (top), CP410 (middle) and CP4-20 (bottom) and B) HP4-based AEMs, HP4-5 (top), HP4-10
(middle) and HP4-20 (bottom), where the membranes with nickel are black and without
nickel are red for both data sets.
3.3.1.2 Thermal and Alkaline Stability
The CP4 series was then examined for the membrane’s stability to high temperature
and high alkaline conditions. While it was expected from the ROMP-based membranes
that the nickel cation would be stable, it was important to confirm that the new chemistry
used here was equally stable.60 The thiol-ene polymer P3 was studied for its stability in an
aqueous 2 M KOH solution at 80 °C for up to 72 hours. Samples were incubated in an oven
and removed after either 0, 1, 2, 4, 8, 24, or 72 hours and tested using 1H NMR and GPC
with DMF as an eluent. The 1H NMR results are shown in Figure 24, with the GPC curves
shown in Figure 25 and Table 8 for the molecular weights. As can be seen in Figure 24,
there was no change in the NMR spectra of the polymer after 72 hours of incubation.
Likewise, the GPC traces showed the same lack of change over the full 72 hour test. These
results indicated that the polymer had excellent chemical stability, as any degradation
would result in changes at one or more of the labeled peaks in the NMR and an increase in
the retention time for the GPC traces, correlating to a decrease in the molecular weight.
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Additionally, no insoluble fractions were observed after testing, indicating that no
crosslinking occurred.

Figure 24. 1H NMR spectrum, run at room temperature in CDCl3 of P3 exposed to aqueous
2 M KOH at 80 °C, at various time-points, depicting P3’s excellent alkaline stability.
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Figure 25. GPC trace with DMF as an eluent for P3 stability after 0, 1, 2, 4, 8, 24, or 72
hours incubation at 80°C in aqueous 2 M KOH.

Table 8. Molecular weights and dispersity for P3 stability after 0, 1, 2, 4, 8, 24, or 72
hours incubation at 80°C in aqueous 2 M KOH.
Time (hr)
0
1
2
4
8
24
72

Mp
7,661
8,754
6,378
13,275
11,288
11,529
9,900

Mn
5,095
6,221
3,679
7,025
6,761
5,891
5,453

Mw
7,152
8,446
6,137
11,708
11,437
11,949
8,676

D
1.40
1.36
1.67
1.67
1.69
2.03
1.59

The AEMs were then studied for their alkaline stability, to ensure that the nickel
complex and the PS backbone had the expected stability. The alkaline stability was
determined by weighing the sample for its dried mass both before and after incubation in
an aqueous 2 M KOH solution at 80 °C for 48 hours, where more mass remaining indicated
better alkaline stability (Figure 26). As can be seen, all samples demonstrated greater than
97 % mass remaining after 48 hours incubation, where the 2-3 % mass loss is most likely
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due to the loss of any remaining sol fraction not fully removed in the transition from NMP
to liquid water.

Figure 26. Mass stability of CP4-based AEMs in an aqueous 2 M KOH solution at 80°C
for 48 hours. The data represents the amount of mass remaining in each membrane after
incubation.
Lastly, the stability of the morphology to high temperature conditions was studied
using room temperature SAXS of CP4-20Ni after first being stored in liquid water for three
months and then after incubation at 80 °C for one hour. For that sample, the SAXS patterns
were taken while swollen in water to ensure that only the effect of temperature was
measured, although after further experiments, no difference between a dried and swollen
network was observed (Figure 27). The initial scattering profile is compared to the
membrane after storage for three months (Figure 28) and after heating for 1 hour at 80 ˚C
(Figure 29), and the arrow on each plot represents the peak maximum. As can be seen,
there was no significant change in the scattering peak after storage in liquid water at room
temperature for three months. After incubation at 80 °C for one hour it is obvious that the
scattering peak shifted to a lower q value, from 8.7 nm to 11.8 nm, indicating an increase
in the domain spacing of the material. Upon incubation at 80 °C for another three hours,
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only a minimal shift in the scattering peak was observed, indicating that the morphology
became stable after the first hour (Figure 30).

Figure 27. SAXS profile for CP4-20Ni swollen (black) and dried (red) demonstrating no
dependence on hydration for the interdomain spacing.

Figure 28. SAXS profile in liquid water for CP4-20Ni immediately after fabrication
(black) and after storage for three months in liquid water (red) demonstrating no
dependence on time for the morphology.
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Figure 29. Room temperature SAXS patterns in liquid water showing the evolution of the
AEM CP4-20Ni morphology with time and temperature. Peak maximum, represented by
arrows, shifts to lower q after incubation at 80 °C for 1 hour.

Figure 30. SAXS profile in liquid water (q2I vs q Kratky plot) for CP4-20Ni after
incubation in liquid water at 80 °C for one hour (black) and three hours (red) demonstrating
minimal difference in interdomain spacing after additional incubation in liquid water.

3.3.1.3 Water Uptake
The CP4-based samples were then studied for their water uptake, as it has a direct
impact on both the conductive and mechanical properties of the AEM.31,87 Water uptake
was calculated from the difference between the swollen mass and the dried mass of the
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membrane, where it was dried for 24 hours under vacuum at 50 °C (Table 9). As can be
seen, CP4-5Ni and CP4-10Ni both had water uptake around 150%, and CP4-20Ni showed
a large increase to 240%. A lack of increase in water uptake between CP4-5Ni and CP410Ni was surprising, as increasing the cation content was expected to increase the water
content of the material. However, the simultaneously high crosslink density could have
limited the membrane’s ability to swell in water. Once enough cations were incorporated,
as in CP4-20Ni, the cation content played a more crucial role, which resulted in a large
increase in water uptake. All three samples, however, demonstrated high water content,
especially for a moderate IEC of 1 mmol/g, as the goal would be to keep water uptake
closer to Nafion’s 38%.39
Table 9. Membrane properties for CP4-based AEMs.
Water Uptake
IECexp
Tensile Stress at
Tensile Strain
a
b
c
(%)
(mmol/g)
Break (MPa)
at Break (%)c
CP4-5Ni
153.9 ± 23.4
0.98 ± 0.09
1.64 ± 0.14
6.10 ± 1.63
CP4-10Ni
156.9 ± 18.4
1.07 ± 0.07
2.55 ± 0.64
6.52 ± 3.46
CP4-20Ni
238.0 ± 13.6
1.13 ± 0.20
3.06 ± 0.73
11.42 ± 3.14
a
Liquid water uptake values in the Cl- form at room temperature. bIon exchange capacity
determined by back titration, average of three trials. cMechanical properties obtained using
dynamic mechanical analysis in the Cl- form at room temperature while swollen with liquid
water, average of three trials.
Sample

3.3.1.4 Mechanical Properties
Since water content can have a direct impact on the mechanical stability of AEMs,
all three samples were then studied for their tensile strength at break using dynamic
mechanical analysis (DMA). Samples were first synthesized in a rectangular mold, and
once fully hydrated in liquid water, they were tested for their room temperature tensile
stress and strain at break (Table 9 and Figure 31). As can be seen, all three samples showed
weak mechanical properties, with CP4-5Ni and CP4-10Ni having very similar stresses and
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strains at break of 1.5-2.5 MPa and 6%, respectively. CP4-20Ni had a similar stress at
break of 3 MPa, but a strain at break about twice that of the other two samples, 11%. These
values indicated that the mechanical properties were strongly influenced by the water
content of the membrane, as the membranes with similar water content had similar
mechanical properties and CP4-20Ni, which had much higher water uptake, also had a
larger elongation at break. The poor mechanical properties can be attributed to both the
high water content as well as the high crosslink density of the materials, since each nickel
cation acted both as an ion conductor and a crosslinker. To demonstrate this, samples
without the nickel cation crosslinker were tested, exhibiting more robust mechanical
properties due to the lower crosslink density (Figure 32). Due to the high equilibrium
kinetics for the nickel-terpyridine bond, forming non-crosslinking, heteroleptic complexes
was difficult to accomplish and would have required very specific conditions.137,155–157
Therefore, with the current chemistry, it is difficult to de-couple the crosslink density from
the metal-cation content, resulting in a significant challenge facing metal complexcontaining materials, such as these AEMs.
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Figure 31. Representative mechanical data for the CP4-Ni series using dynamic
mechanical analysis.

Figure 32. Representative mechanical data for the CP4 series without nickel cation
crosslinkers using dynamic mechanical analysis.

3.3.1.5 Chloride Conductivity
Finally, CP4-20Ni was tested for its chloride ion conductivity as a function of
temperature in liquid water. CP4-5Ni and CP4-10Ni were not tested due to their weak
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mechanical properties. Figure 33 represents the data as the sample was heated from 20-80
°C and then cooled back down to 20 °C, with measurements taken every 20 °C, showing
that the sample maintained the same conductivity after heating to 80 °C. It is important to
note, however, that the conductivity data was collected after first heating the sample to 80
°C for at least an hour. Samples that were not initially heated demonstrated an increase in
conductivity from 20-50 °C, but then a sharp decrease in conductivity from 60-80 °C
(Figure 34). However, when the same sample were tested a second time, the data in Figure
33 was observed. This decrease in conductivity during the first pass is most likely related
to the shift in the primary scattering peak to lower q values after heating to 80 °C.10 For the
second heating, the conductivity values increased with temperature, but remain very low
for CP4-20Ni, with a maximum conductivity of 1.34 mS/cm at 80 °C. This low
conductivity could be due to the high water content, despite the moderate IEC value, which
resulted in a large number of water molecules per cation in the membrane that diluted out
the anions. It is also likely that the ion clusters observed did not form the interconnected
ion conducting pathways required to produce high conductivity.
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Figure 33. Representative chloride conductivity for AEM CP4-20Ni as a function of
temperature in liquid water. Data shown is for conductivity of the second heating to account
for the change in morphology observed after initial heating.

Figure 34. Initial chloride conductivity for CP4-20Ni as a function of temperature in liquid
water showing a decrease in conductivity above 50 °C.
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3.3.2 ROMP-Based AEMs
3.3.2.1 Chloride Ion Properties
3.3.2.1.1 AEMs Without a PEO Crosslinker
3.3.2.1.1.1 Water Uptake
The resulting ROMP-based membranes were first studied for their water uptake in
the chloride form, as measured by comparing the masses of the hydrated and dried
membranes. Initially, the membranes without a poly(ethylene oxide) (PEO) crosslinker
were studied at three different metal cation contents, with a mole fraction (f) = 0.17, 0.33,
and 0.5 (Table 10). This was performed to determine the effect that the cation’s identity
had on AEM water uptake and how that effect was impacted at different mole fractions.
The swelling data indicates that changing the transition metal appears to have little effect
on the amount of water absorbed into the network, as membranes at the same cationic f all
had similar water uptake values. Furthermore, as the cationic f increased, that trend
continued where the metal center had minimal impact on the water uptake, even at higher
incorporations. Not surprisingly, as the number of metal cations in the network was
increased, the average water uptake values also increased. This was expected as increasing
the cationic content in an AEM enhances the hydrophilicity of the network and increases
the water uptake. Typically, changing the identity of the cation leads to differences in AEM
water uptake, indicating that these ROMP-based AEMs have potential to be good model
membranes for understanding the impact of cation identity on AEM ion conductivity
without affecting other properties.
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Table 10. Membrane properties for all AEMs without a PEO crosslinker.
Mass
Water
σ*(Cl-)80 °C Tensile stress at
Tensile strain
AEM
Remaining
a
c
d
Uptake (%)
(mS/cm)
break (MPa)
at break (%)d
(%)b
0.17Ru
28.0
94 ± 3.1
0.78
37 ± 221
13 ± 5.81
2
0.33Ru
80.2 ± 14.7
72 ± 14.7
4.9 ± 2.1
14.8 ± 3.32
0.5Ru
98.9 ± 15.2
59 ± 15.2
4.2 ± 1.22
5.0 ± 1.12
1
0.17Ni
36.0
98 ± 4.1
2.28
45 ± 12
7.9 ± 2.91
0.33Ni
72.5 ± 3.6
94 ± 3.6
8.2 ± 0.52
30.2 ± 13.12
2
0.5Ni
97.8 ± 8.2
89 ± 8.2
3.7 ± 3.0
12.3 ± 8.42
1
0.17Co
29.0
99 ± 0.5
0.36
56 ± 17
8.3 ± 3.51
0.33Co
68.6 ± 3.7
95 ± 3.7
19.3 ± 4.62
24.5 ± 9.72
2
0.5Co
78.6 ± 1.1
86 ± 1.1
9.4 ± 3.2
8.0 ± 5.32
a
Liquid water uptake in the Cl- form at room temperature, where water uptake = [(mwet –
mdry)/mdry]. bPercent of dried mass remaining with membranes in the OH- form after 48 hr
at 80 °C in an aqueous 2 M KOH solution. cCl- conductivity at 95% relative humidity and
80 °C dMechanical properties obtained using dynamic mechanical analysis in the Cl- form
and in either the dried1 or swollen2 state. Average values, with errors, from three trials.
3.3.2.1.1.2 Mechanical Properties
Membranes need enough mechanical strength to allow for facile handling while
membrane characterizations are performed. Therefore, the ROMP-based AEMs without a
PEO crosslinker were tested for their mechanical stability by cutting the samples into
rectangular films and testing them using dynamic mechanical analysis (DMA) at a preload
force of 0.001 N and a force ramp of 1 N/min to obtain the tensile stress and strain at break
(Figure 35). The AEMs with a cationic f = 0.17 were tested dried while the samples
containing a cationic f = 0.33 and 0.5 where tested while swollen in water. For the

0.17M

samples, all samples showed similar stresses and strains at break with a stress at break
ranging from 27-56 MPa and a strain at break ranging from 8-13%. In conjunction with
those membranes, the 0.33M and 0.5M samples showed a similar trend, where the identity of
the cation had minimal effect on the stress and strain at break for these metal cation-based
AEMs when swollen in water. The similarities in mechanical properties indicated that
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differences in the metal-terpyridine equilibrium kinetics for the ruthenium, nickel, and
cobalt metal cations did not impact mechanical stability, despite the fact that these
monomers also acted as crosslinkers. It appears as though the covalent crosslinks from the
DCPD dominates the mechanical properties for these membranes. Thus all samples,
regardless of metal incorporated, have comparable mechanical properties both within this
series as well as with respect to literature values.39,108

Figure 35. Representative room temperature stress and strain curves for A)
dried and B) 0.33M and 0.5M AEMs swollen in water in the chloride form.

0.17M

AEMs

Interestingly, the 0.33M and 0.5M samples showed that at this force ramp increasing
the metal complex content resulted in mechanically weaker membranes, as both the
average stress and strain at break decreased for the higher metal complex content materials.
This indicated that the labile metal complex crosslinks were more easily broken than the
covalent DCPD crosslinks, which would be expected. This demonstrates a challenge with
using metal cations in AEMs. Due to the lability of the metal-terpyridine bonds,
synthesizing non-crosslinking, heteroleptic complexes for metals other than ruthenium is
very difficult, but using the metal cation monomer as a crosslinker limits the number of
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cations that can be incorporated into the network while maintaining robust mechanical
properties.
3.3.2.1.1.3 Alkaline Stability
The lack of alkaline stability is a major limitation for AEM materials. Therefore,
the ROMP-based AEMs without a PEO crosslinker were tested for their alkaline stability
by monitoring their mass loss, as measured in the dried state, after incubation in an aqueous
2M KOH solution at 80 °C for up to 48 hours (Figure 36). At the lowest cationic f, all
AEMs showed excellent stability after the full 48 hours of incubation, with 0.17Ru showing
94% of its mass remaining after incubation and 0.17Ni and 0.17Co samples showing greater
than 98% mass remaining. As the cationic f was increased, the nickel and cobalt samples
maintained very good chemical stability, while the ruthenium showed a surprising drop in
mass% remaining. It is likely that the mass loss observed for the ruthenium samples was
due to loss of the sol fraction, as opposed to degradation of the network, as bis(terpyridine)
ruthenium complexes are known to be stable in alkaline conditions.11,59 This shows that
despite introducing more labile metal-ligand bonds into these membranes with nickel and
cobalt, robust chemical stability was maintained.
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Figure 36. Mass stability in an aqueous 2 M KOH solution at 80 ˚C for 48 hours. The data
indicates the amount of mass remaining after 48 hours as a percent.
3.3.2.1.1.4 Ion Conductivity
To determine how conductivity varied with metal ion, chloride conductivity was
measured as a function of temperature at 95% relative humidity for the

0.17M

samples

(Figure 37). As expected, all samples showed an increase in conductivity with temperature,
due to the increase in ion mobility at elevated temperatures. Interestingly, different metal
cations facilitated different levels of ion conduction, with the nickel-based AEM showing
the highest conductivity of 2.4 mS/cm, while 0.17Ru showed an intermediate conductivity
of 0.92 mS/cm and

0.17Co

showed the lowest conductivity of 0.3 mS/cm. This enhanced

ion conductivity for the nickel-based sample was not due to a larger IEC value, as all three
0.17M

samples showed similar experimental IEC values. These results highlight the impact

of cation identity on AEM ion conduction, as these membranes had different levels of ion
conduction but similar bulk properties. Therefore, further exploring this phenomenon and
understanding what causes nickel to facilitate better chloride ion conduction was explored.
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Figure 37. Chloride conductivity for the 0.17M AEMs as a function of temperature in 95%
relative humidity. All samples show an increase in conductivity with temperature.
3.3.2.1.2 AEMs With the PEO Crosslinker Containing Ester Linkages
3.3.2.1.2.1 Water Uptake
To further explore the impact of the metal cation on ion conduction, membranes
containing a di-norbornene functionalized PEO crosslinker containing ester linkages were
synthesized from ruthenium, nickel, and cobalt cations. The PEO crosslinker was added
primarily to increase the water uptake and improve mechanical stability, due to the poor
mechanical properties of the AEMs without a PEO crosslinker. Not surprisingly, the PEOcontaining samples demonstrated higher water uptake, 150-170 wt%, with

0.55Ni

PEOes

demonstrating 190% uptake by mass (Table 11). The addition of a PEO crosslinker
increased the water uptake due to the hydrophilic nature of the PEO, which influence the
water uptake similarly to increasing the cationic f in the network. Similar to the membranes
without a PEO crosslinker, all membranes showed similar water uptake at the same cationic
f, regardless of the metal center utilized, where the average water uptake increased as the
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cationic f increased. The alkaline stability for the AEMs containing PEO crosslinkers was
not obtained because they were designed knowing they would not have robust chemical
stability, but since they were synthesized to explore the impact of cation identity on AEM
ion conduction the lack of chemical stability was acceptable.

Table 11. Membrane properties for all AEMs containing the PEO crosslinker with ester
linkages.
Water
Stress at
Strain at Break
Ea (kJ/mol)
a
b
Uptake (%)
Break (MPa)
(%)b
0.36Ru
169 ± 53
4.0 ± 2.1
80.5 ± 15.2
15.6
PEOes
0.55Ru
152 ± 25
2.2 ± 2.0
37.0 ± 23.3
16.2
PEOes
0.36Ni
162 ± 27
5.4 ± 2.9
95.5 ± 13.5
16.3
PEOes
0.55Ni
193 ± 46
4.1 ± 2.8
66.8 ± 23.5
16.5
PEOes
0.36Co
154
±
12
6.8
±
1.7
115.0
±
23.6
15.1
PEOes
0.55Co
152 ± 29
3.5 ± 1.2
39.7 ± 9.2
-PEOes
a
Liquid water uptake values, average of three trials, for AEMs in the Cl - form at room
temperature, where water uptake = [(mwet – mdry)/mdry]. bAverage of three trials, calculated
using dynamic mechanical analysis for AEMs swollen in water and in the Cl- form.
Sample

3.3.2.1.2.2 Mechanical Properties
Addition of a long, hydrophilic crosslinker has been shown previously to improve
the mechanical properties in AEMs.105 Therefore, the membranes containing the PEO
crosslinker with ester linkages were tested using DMA to determine their tensile stress and
strain at break while swollen with water (Figure 38). No difference was observed between
materials with different metal cation centers, most likely due to the similar water uptake
and the covalent DCPD crosslinks playing a more dominant role in the mechanical
properties than the metal identity. In addition, as the metal complex content was increased,
the membranes became weaker as both the average stress and strain at break decreased for
the high metal complex content materials, similar to the AEMs without a PEO crosslinker.
While the lower metal complex content series had stresses at break between 4-6 MPa and
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strains at break between 80-115%, the higher metal complex content series only had a stress
at break of 2-4 MPa and a strain at break of 35-65%. This data, however, confirms that
adding a long, hydrophilic crosslinker results in good mechanical properties for these types
of materials.

Figure 38. Representative room temperature stress and strain curves from DMA for all
AEMs containing the PEO crosslinker with ester linkages while swollen with water and in
the chloride form.
3.3.2.1.2.3 Ion Conductivity
To further explore the impact of metal cation identity on ion conduction, the PEOcontaining samples with ester linkages were characterized for their chloride ion
conductivity in liquid water as a function of temperature. Liquid water was used in this
case to enhance the ion conduction in an attempt to better elucidate differences between
the samples. Conductivity measurements were taken at 20 °C, 30 °C, 40 °C, 60 °C, and 80
°C, as shown in Figure 39. The conductivity of sample 0.55CoPEOes could not be studied as
it was mechanically too weak and fractured when inserted into the conductivity cell. As
expected, all samples demonstrated an increase in conductivity with temperature. In
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addition, as the metal complex content was increased from f = 0.36 to 0.55, the conductivity
increased as well. All three membranes with a lower mole fraction had similar conductivity,
contrary to the

0.17M

samples that showed nickel-based AEMs exhibiting better

conductivity than cobalt- and ruthenium-based AEMs. Importantly, that data was collected
at 95% RH as opposed to liquid water, which may be significant.60 It is possible that the
combination of being tested in liquid water and the higher water content of these samples
promoted increased mobility of the chloride ions, which diminished the conductivity
differences between metal cations.87 As the metal content increased, however,

0.55Ni

PEOes

showed a larger increase in conductivity than 0.55RuPEOes, consistent with the above trend.60

Figure 39. Chloride conductivity for the AEMs containing the PEO crosslinker with ester
linkages in liquid water as a function of temperature. Sample 0.55CoPEOes was not tested
as it was too weak and broke in the conductivity cell.
To better understand this conductivity data, the conductivity values at 80 °C for
each sample were plotted as a function of bulk hydration number (λ), as shown in Figure
40. The hydration number, or number of water molecules in the membrane per cation, for
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the samples was calculated using equations 1 and 2 (reshown below), and is derived from
the bulk hydration of the membrane:
1000 𝑥 𝑊𝑈

𝜆=𝑀

𝐻2 𝑂

𝑊𝑈 =

𝑥 𝐼𝐸𝐶

𝑚ℎ𝑦𝑑 −𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦

× 100%

(1)

(2)

where WU is the water uptake in percent, 𝑀𝐻2 𝑂 is the molecular mass of water, 18.015
g/mol, IEC is the calculated IEC of the membrane, mhyd is the hydrated mass of the AEM,
and mdry is the dry mass of the AEM.11,117 AEM 0.55CoPEOes, not shown, had a λ of 98.

Figure 40. Chloride conductivity at 80 °C plotted versus bulk hydration number, λ, for
each AEM with the PEO crosslinker containing ester linkages. Sample 0.55CoPEO was not
tested as it was too weak and broke in the conductivity cell.
When the AEM conductivity data was plotted against λ, it became clear that
increasing the metal complex content, from f = 0.36 to 0.55, did not increase the amount
of water molecules per cation (λ). While a correlation between AEM cation content and
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water per cation has been observed for other AEMs and PEMs, it was surprising that here
the hydration number appeared to decrease as the metal cation content increased.29 In this
case, the nickel complex showed the smallest decrease in λ, with a decrease of 20%, while
ruthenium- and cobalt complex-based samples showed declines of 32% and 46%,
respectively. All six samples had hydration numbers ranging from 75-130, except for
0.36Co

PEOes,

and while the conductivity and λ of samples with the same f appeared to have

a positive correlation, that correlation broke down when comparing between AEMs with
different f. For example, 0.55RuPEOes and 0.55NiPEOes both had similar or lower λ values, but
higher conductivity, than their corresponding 0.36 mole fraction samples, indicating the
metal content had a larger impact on conductivity than λ.
The conductivity at 80 °C was then plotted as a function of ion concentration,
calculated using equation 3 (reshown below) (Figure 41):
𝑐 = 0.001 𝑥

𝜌 𝑥 𝐼𝐸𝐶

(3)

1+0.01𝑊𝑈

where c is ion concentration in mmol/mL and ρ is the density of the sample measured by
determining its volume and mass.11,117 AEM

0.55Co

PEOes,

again not shown, had an ion

concentration of 0.39 mmol/mL. AEM 0.55NiPEOes had the largest ion concentration, greater
than 0.46 mmol/mL, while all other samples had similar ion concentrations between 0.250.39 mmol/mL (Figure 41). While

0.55Ni

PEOes

had both the highest ion concentration and

conductivity, ion concentration could not explain all of the conductivity data. For example,
0.36Co

PEOes

had the lowest ion concentration, 0.25 mmol/mL, but also the third highest

conductivity, 11.7 mS/cm at 80 °C.
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Figure 41. Chloride conductivity at 80 °C plotted versus ion concentration for each AEM
with the PEO crosslinker containing ester linkages. Sample 0.55CoPEO was not tested as it
was too weak and broke in the conductivity cell.
The observations in Figures 40 and 41 can be further explained by understanding
the relationship between λ and ion concentration, as illustrated by comparing equations 9
and 10.
𝜆 ∝

𝑊𝑈
𝐼𝐸𝐶

𝐼𝐸𝐶

𝑐 ∝ 𝑊𝑈

(9)
(10)

From combining these two equations, λ and ion concentration become inversely related for
a fixed IEC, indicating that for one to increase, the other must decrease. Since the IEC and
water uptake are closely related, as the IEC of a sample increases, the water uptake usually
increases by a similar, or larger factor, resulting in both λ and ion concentration remaining
fairly constant.11,29,71,105 However, Figures 40 and 41 show that as the metal content
increased for all three metal cations the hydration number decreased, while the ion
concentration increased. That relationship indicated that the water uptake for all three
samples did not increase by as large of a margin as the IEC, most likely due to the
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hydrophobic nature of all three metal complex monomers, counteracting the effect of the
increased IEC. The addition of hydrophobic moieties to cations in AEMs, such as alkyl
side chains, is a strategy that leads to lower water uptake values in the material.71 However,
in this case with relatively hydrophobic ionic comonomers, the ion content can be increased
without drastically influencing the water uptake, which is unusual.
While the relationship between λ and ion concentration can be further explored
through equations 9 and 10, Figures 40 and 41 ultimately show that these three parameters
(λ, ion concentration, and IEC) were not sufficient to account for the nickel cation-based
AEM’s superior conductivity. Therefore, the activation energy of ion conduction, Ea,
which relates to the kinetics of ion conduction through the Arrhenius equation, was
calculated for each membrane by plotting the natural logarithm of its chloride ion
conductivity versus 1000/T (Figure 42). Ea was then determined from the slope of the best
fit linear regression, using the following form of the Arrhenius equation, equation 6
(reshown below):
ln(𝜎𝐶𝑙− ) = ln(𝜎0 ) −

𝐸𝑎
𝑅𝑇

(6)

where σCl- is the ion conductivity, σ0 is the pre-exponential factor, R is the gas constant
and T is the absolute temperature (Table 11 and Figure 42).11,153 All AEMs had similar
activation energies, between 15.1-16.5 kJ/mol, indicating neither metal content nor metal
center had an effect on the mobility of the chloride ions within the AEM for chloride
conductivity.158
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Figure 42. Chloride conductivity for the AEMs with the PEO crosslinker containing ester
linkages as a function of temperature, where the Ea was calculated from the slope of the
linear regression.
3.3.2.1.3 AEMs With the PEO Crosslinker Containing Ether Linkages
3.3.2.1.3.1 Water Uptake
Due to the increase in water uptake observed upon addition of the PEO crosslinker
with ester linkages, the third type of AEM was synthesized with a PEO crosslinker
containing ether linkages. The PEO crosslinker with ether linkages was added to
demonstrate the capability of using long, hydrophilic, macromonomer crosslinkers to
enhance mechanical properties in AEMs without sacrificing alkaline stability. For this type
of material six metal-based cations were used: ruthenium, nickel, cobalt, iron, manganese,
and zinc. All membranes showed similar water uptake values between 100-143 wt%,
except for the zinc-based AEM, which had a larger water uptake of 251 wt% (Table 12).
In addition to the zinc-based sample’s larger water uptake, the manganese-based sample
showed a larger water uptake than its IEC would predict, as compared to the other metal
cations.
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Since this enhanced water uptake was not due to the incorporation of a larger
number of cationic monomers, as shown through the IEC values previously, the water
solubility of each norbornene-functionalized metal cation monomer was determined. The
water solubility was determined to confirm that the larger water uptake observed for the
manganese- and zinc-based AEMs as compared to what was expected for their IEC values
was not due to better water solubility of these monomers over the other four metal cations.
UV-vis spectroscopy of each metal cation monomer was used to determine the water
solubility. The absorbance intensity for each monomer at 243 nm was determined at five
different concentrations in methanol and compared to the absorbance intensity of the
monomer at 243 nm for a saturated aqueous solution (Figure 43 and Table 13). The
absorbance for the aqueous solution fits onto the line obtained from the five methanol
solutions and the concentration at which the monomer would produce that absorbance
intensity in methanol corresponds to the concentration of monomer dissolved in the water.
Since the aqueous solution was saturated, the concentration obtained represents the
maximum number of monomers that can be dissolved in water, where a larger
concentration corresponds to better water solubility.
The manganese- and zinc-based cations demonstrated the two lowest water
solubilities, showing that the larger-than-expected water uptake values was not due to
better water solubility of these monomers. Therefore, the manganese- and zinc-based
AEM’s higher-than-expected water uptake was likely a result of their metal-terpyridine
bonds’ more rapid equilibrium kinetics as compared to the other four metal-terpyridine
bonds, allowing for more metal complex rearrangement and thus more expansion of the
membrane as it swelled in water.137,147,148 Given the improvement upon mechanical
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properties observed for the

0.36M
PEOes

and

0.55M
PEOes

membranes, the

0.55M
PEOet

membranes were not characterized for their mechanical properties, as exploration of their
conductive properties was the primary focus.

Table 12. Membrane properties for all 0.55MPEOet AEMs.
WUCl WUOAc
Ea
σCl
σOAc
𝛌𝐂𝐥 c
𝛌𝐎𝐀𝐜 d
(%)a
(%)b
(kJ/mol)e (mS/cm)f (mS/cm)g
0.55Ni
121
86.6
38
27
27.7
21.4
10.2
PEOet
0.55Ru
152
124.7
75
44
16.2
12.3
9.3
PEOet
0.55Co
152
228.9
76
10.2
PEOet
0.55Mn
100
428.7
82
350
13.7
6.7
1.8
PEOet
0.55Zn
251
55
110
24
4.9
6.7
PEOet
0.55Fe
143
158.3
45
50
8.4
29.6
7.9
PEOet
a
Water uptake for membranes in the chloride form at 30 °C. bWater uptake for membranes
in the acetate form at 30 °C. cHydration number for membranes in the chloride form.
d
Hydration number for membranes in the acetate form. eActivation energy for membranes
calculated from the chloride ion conductivity. fChloride ion conductivity at 80 °C. gAcetate
ion conductivity at 80 °C. Cobalt was not characterized for chloride ion conductivity and
the Ea for zinc could not be determined because the chloride conductivity did not increase
linearly.
Sample

Figure 43. A) UV-vis spectra for the zinc monomer dissolved in methanol at five different
concentrations as well as in a saturated aqueous solution. B) Plot of the intensity of
absorbance for the peak corresponding to 243 nm against solution concentration. The other
five metal cations were characterized following the same procedure, obtaining similar data.
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Table 13. Monomer solubility in a saturated aqueous solution.
Metal Cation Monomer
Fe
Ni
Ru
Co
Mn
Zn

Solubility in RO water (mM)
1.34
0.503
0.434
0.455
0.019
0.082

3.3.2.1.3.2 Ion Conductivity
Similar to what was performed for nickel, ruthenium, and cobalt membranes
previously, the nickel-, iron-, zinc-, and manganese-based AEMs containing the PEO
crosslinker with ether linkages were characterized for their chloride ion conductivity in
liquid water as a function of temperature (Figure 44). The corresponding ruthenium-based
AEM from above was added to Figure 44 for comparative purposes as it had a similar
chemical structure and IEC value to the membranes studied here, just ester linkages on the
PEO instead of ether.63 As expected, all samples showed increased ion conductivity at
higher temperatures, due to greater water and ion mobility at elevated temperatures. More
importantly, Figure 44 shows that the metal cations containing iron, nickel, ruthenium,
zinc, and manganese displayed four distinct levels of chloride ion conductivity following
the trend of iron > nickel > ruthenium > zinc ~ manganese. The manganese-based AEMs’
low ion conductivity could be due to either the nature of the manganese-based cation or
the membrane’s lower IEC values as compared to the other membranes.
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Figure 44. Chloride conductivity for iron- (magenta), nickel- (blue), ruthenium- (green),
zinc- (black), and manganese- (red) based AEMs with the PEO crosslinker containing ether
linkages in liquid water as a function of temperature.
Consistent with the data for the AEMs with the PEO crosslinker containing ester
linkages, no strong correlations were observed between ion conductivity and bulk
membrane parameters such as λ, ion concentration, and Ea of ion conductivity (Figures 4547).11,63 For the samples, the Ea was interesting as the iron-based sample had the highest
conductivity and lowest Ea, but the nickel had the highest Ea and the second highest ion
conductivity, with

0.55Ru

PEOet

and

0.55Mn

PEOet

samples having similar Ea values but

different conductivity. That illustrates the lack of correlation for these parameters to ion
conduction. Therefore, the ratio of the effective diffusion coefficient for the conducting ion
(D), to the dilute solution diffusivity for the ion (Do), termed D/Do, was also plotted against
chloride ion conductivity at 80 ˚C (Figure 48). The thought with D/Do argues that as that
ratio increases, the effective diffusion of the ion increases which correlates to enhance ion
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conduction. However, as can be seen with 0.55FePEOet and 0.55RuPEOet, an increase in D/Do
does not correlate to increased ion conduction for these samples.

Figure 45. Chloride conductivity at 80 °C plotted versus bulk hydration number, λ, for
each AEM with the PEO crosslinker containing ether linkages.

Figure 46. Chloride conductivity at 80 °C plotted versus ion concentration for each AEM
with the PEO crosslinker containing ether linkages.

105

Figure 47. Chloride conductivity for the AEMs with the PEO crosslinker containing ether
linkages as a function of temperature, where the Ea was calculated from the slope of the
linear regression.

Figure 48. Chloride conductivity at 80 °C plotted versus D/Do for each AEM with the PEO
crosslinker containing ether linkages

106

3.3.2.2 Additional Ion Properties
3.3.2.2.1 Bicarbonate Ions
Given the impact the nature of the cation had on AEM ion conductivity, these metal
cation, ROMP-based networks were also characterized using different counterions to
explore the impact of the counterion on these materials. Three additional counterions were
utilized: bicarbonate, hydroxide, and acetate. Bicarbonate and hydroxide were chosen due
to the prevalence in fuel cells while acetate was chosen as one approach to improve small
molecule metal cation water solubility (with further discussion of this enhanced water
solubility in chapter 4).159
For the bicarbonate ion comparison, the water uptake was determined for AEMs
containing ruthenium, nickel, and cobalt at a cationic f = 0.33 and 0.5 without a PEO
crosslinker (Figure 49). Two cationic mole fractions were used to explore the impact of
metal cation content on the water uptake for two different anions. Surprisingly, all three
metals in the bicarbonate form facilitated similar levels of water uptake into the membrane
as their chloride counterparts. This indicated that the chloride and bicarbonate ions
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interacted with water in a similar fashion, producing similar water uptake into the network.

Figure 49. Water uptake values for the 0.33M and
in the A) chloride and B) bicarbonate form.

0.5M

AEMs without a PEO crosslinker

3.3.2.2.2 Hydroxide Ions
However, when chloride and hydroxide ions where compared, a difference was
observed. For this comparison, the iron-, zinc-, and manganese-based AEMs with the PEO
crosslinker containing ether linkages were used (Figure 50). At the same temperature, it
can be seen that membranes in the hydroxide form demonstrated larger water uptake than
membranes in the chloride form. This is most likely due to the fact that hydroxide ions
interact more favorably with water molecules than chloride ions, due to the hydroxide’s
and water’s similar structures and hydrogen-bonding capability, resulting in more
absorption of water into the network.
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Figure 50. Water uptake values for the 0.55MPEOet AEMs with a PEO crosslinker containing
ether linkages in the A) chloride and B) hydroxide form. Manganese-, zinc-, and iron-based
AEMs were used. Water uptake was determined at 30˚C (black), 60˚C (red), and 80˚C
(blue) in the hydroxide form.
Water uptake at 60 ˚C and 80 ˚C were also measured for the iron, zinc, and
manganese samples in the hydroxide form to elucidate the impact of temperature on the
water uptake of these metal cation-based AEMs (Figure 50). The observed decrease in
water uptake as the temperature increased was most likely due to the fact that these are
rubbery materials so as the temperature increases the kinetic energy of the chains also
increases. The increased kinetic energy most likely results in more force on the crosslink
junctions causing the membrane to shrink.
3.3.2.2.3 Acetate Ions
Finally, 0.55MPEOet AEMs containing iron, nickel, ruthenium, zinc, manganese, and
cobalt were also characterized for the water uptake in the acetate form (Figure 51).
Interestingly, the water uptake in the acetate form showed significant differences from
those in the chloride form. AEMs containing iron and ruthenium demonstrated similar
water uptake, AEMs containing nickel and zinc showed lower water uptake, and AEMs
containing cobalt and manganese showed larger water uptake in the acetate form as
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compared to their chloride form counterparts. It is not clear why these differences were
observed, however it is known that acetate ions increase the water solubility of cations,
which could cause drastic changes to how these metal cations interact with water and thus
alter their water uptake.159

Figure 51. Water uptake values for the 0.55MPEOet AEMs with the PEO crosslinker
containing ether linkages in the A) chloride and B) acetate form.
The membranes in the acetate form were also characterized for their acetate
conductivity at 30 ˚C and 80 ˚C (Figure 52). All membranes showed reduced acetate
conductivity as compared to their corresponding chloride ion conductivity, most likely due
to the increased hydrated ion size, and thus decreased mobility of the acetate ions.104,160
Not surprisingly, all membranes also showed an increase in conductivity at 80 ˚C over their
conductivity at 30 ˚C. Interestingly, the trend in acetate conductivity was different from the
trend in chloride conductivity, where the acetate conductivity at 80 ˚C followed a trend of
nickel (10.2 mS/cm) ~ cobalt (10.2 mS/cm) > ruthenium (9.3 mS/cm) > iron (7.9 mS/cm)
> zinc (6.7 mS/cm) > manganese (1.8 mS/cm).
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Figure 52. Acetate conductivity for manganese-, zinc-, iron-, ruthenium-, cobalt, and
nickel-based AEMs with the PEO crosslinker containing ether linkages in liquid water at
30°C (black) and 80°C (red).
It was also confirmed that bulk membrane properties like λ, ion concentration, and
D/Do did not fully rationalize these trends in acetate conductivity (Figures 53-55). The Ea
for these AEMs could not be determined as conductivity was only determined at two
temperatures (30 ˚C and 80 ˚C). Therefore, it was not known whether the conductivity
increased linearly and for Arrhenius’ equation to be valid the increase must be linear. As
with the chloride ion conductivity, it was not clear whether the low acetate ion conductivity
observed for the manganese-based sample was a result of its low IEC or the nature of the
manganese-based cation. The acetate ion conductivity data indicated that the identity of the
counterion impacted the strength of the ion pair association for a cation. The impact on the
association strength is exemplified with the iron cation as it facilitated the highest chloride
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ion conductivity, but only facilitated an intermediate acetate ion conductivity as compared
to the other metal cations.

Figure 53. Acetate ion conductivity at 80°C plotted versus bulk hydration number, λ, for
each AEM with the PEO crosslinker containing ether linkages.

Figure 54. Acetate ion conductivity at 80°C plotted versus ion concentration for each AEM
with the PEO crosslinker containing ether linkages.
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Figure 55. Acetate ion conductivity at 80°C plotted versus D/Do for each AEM with the
PEO crosslinker containing ether linkages.

3.4 Conclusions
Metal cation-based AEMs represent a promising new class of materials that can
show excellent chemical stability under alkaline conditions. Two types of AEMs were
characterized for their water uptake, chemical stability, mechanical properties and ion
conduction: thiol-ene- and ROMP-based membranes. The thiol-ene-based AEMs
demonstrated advantageous properties such as excellent chemical stability and the
formation of ionic clusters. The chemical stability demonstrated the robust nature of these
metal cations as well as the potential to utilize the thiol-ene reaction in AEMs as the
subsequent thioether moiety showed no discernible degradation under highly alkaline
conditions at elevated temperatures. Furthermore, this thiol-ene-based AEM approach
demonstrated the capability of inducing microphase separation through the formation of
ionic clusters for these types of membranes.
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However, these thiol-ene-based AEMs also demonstrated extremely low ion
conductivity, most likely a result of the ion clusters being segregated within the polymer
matrix instead of forming interconnected ion-containing channels. The segregation of the
ion clusters resulted in an inability of the chloride ions to easily travel through the
membrane, resulting in the low ion conductivity. Furthermore, these membranes highlight
another challenge facing metal cation-based AEMs: the interdependence of IEC and
crosslink density. Due to the fast equilibrium kinetics of the nickel-terpyridine bond,
homoleptic complexes were used, meaning each metal cation also acted as a crosslinker.
Therefore, synthesizing membranes with a large IEC, needed for higher ion conduction,
also resulted in extremely high crosslink density, resulting in mechanically weak
membranes. The combination of low ion conduction and weak mechanical properties
indicates that this thiol-ene approach is not a feasible method for synthesizing AEMs and
was therefore not pursued beyond this initial report.
Alternatively, the ROMP-based AEMs proved to be an excellent model membrane
to study the impact of metal cation identity on AEM ion conductivity. As the nature of the
metal cation was altered with six different metal cations, the resulting AEMs showed no
significant differences in their mechanical stability. All metal-based AEMs showed similar
water uptake except for the zinc- and manganese-based samples, which showed elevated
water uptake due to their faster terpyridine-metal bond equilibrium kinetics. The
similarities in water uptake was a unique observation, and illustrated their utility as a model
system, since changing the identity of the cation in an AEM traditionally results in
significant changes to AEM properties, like water uptake.
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Therefore, the ROMP-based AEMs were characterized for their chloride and
acetate ion conductivity. This data showed that the identity of the cation influences the ion
conduction, as different metal cations facilitated significantly different levels of ion
conduction. Not only is the identity of the cation crucial for ion conduction, but the acetate
and chloride ion conductivity also demonstrated the critical importance of the anion being
conducted. From the conductivity of the two anions, it was shown that conductivity trends
for a series of cations will be different for different counterions, where the best conductors
with one counterion will not necessarily conduct another anion the best. This indicates that
using substitutionary anion conductivity to predict hydroxide conductivity in a fuel cell
may not be a fruitful approach. Furthermore, commonly studied parameters such as IEC,
λ, ion concentration, D/Do, and Ea were not sufficient to fundamentally explain the
observed conductivity data. This indicated that the bulk-membrane parameters typically
employed by the AEM field do not fully capture the ion conduction phenomenon,
motivating the need to identify what factors or parameters have been overlooked.
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CHAPTER 4
IDENTIFYING THE CATION-COUNTERION ASSOCIATION STRENGTH
USING ISOTHERMAL TITRATION CALORIMETRY
Reprinted (adapted) with permission from J. AM. CHEM. SOC., 2018, 140 (25), 79617969; J. AM. CHEM. SOC., 2019, submitted.
Copyright 2019 American Chemical Society.
4.1 Introduction
The parameters traditionally used to explain ion conduction in AEMs (λ, ion
concentration, Ea, and D/Do) failed to reliably correlate with conductivity trends for the
metal cation-based AEMs. This indicates that there is a factor influencing ion conduction
that has been overlooked by the AEM field. Identifying this parameter would result in a
deeper understanding of AEM ion conduction, and potentially a method to reliably predict
AEM performance.
This result would lead to a significant advancement in AEM research in two main ways.
First, understanding and predicting factors that enhance ion conduction in an AEM will
allow for the informed design of and improvements upon existing AEM technology.25,27,161
Second, as the field attempts to improve AEM chemical stability by incorporating an
increasingly wide variety of cations into AEMs, it is important to understand the effect of
the cation on ion conductivity and how that understanding can be used to predict a cation’s
performance in an AEM.3,15,18 The ability to predict a cation’s performance in an AEM will
permit the field to focus its efforts on improving the chemical stability of a smaller list of
promising candidates. Here, we identify the cation-counterion association strength as a
critical parameter that has been overlooked in the AEM field and show how it can be
reliably assessed using isothermal titration calorimetry (ITC) to predict a cation’s ability
to facilitate ion conduction in AEMs.
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4.2 Experimental
4.2.1 Materials
Tetrahydrofuran (Fisher Scientific) was dried over sodium under nitrogen gas (N2) and
then distilled before use. 2,2’:6’,2’’-terpyridine, nickel(II) chloride hexahydrate, cobalt(II)
chloride hexahydrate, ruthenium(III) chloride hydrate, manganese (II) chloride anhydrous,
zinc chloride, iron (II) chloride tetrahydrate, iron (II) acetate, cobalt (II) acetate
tetrahydrate, nickel (II) acetate tetrahydrate, manganese (II) acetate tetrahydrate, zinc
acetate dihydrate, silver acetate, n-ethylmorpholine, tetra(ethylene glycol) monomethyl
ether, methanol, chloroform, tetramethylammonium chloride, benzyltrimethylammonium
chloride, benzyltriethylammonium chloride, benzyltributylammonium chloride, 1-ethyl-3methylimidazolium chloride, and sodium bicarbonate were purchased from Sigma Aldrich,
Alfa Aesar, Acros Organics, Fisher Scientific, or Tokyo Chemical Industry and were used
as received.
4.2.2 Instrumentation
Isothermal titration calorimetry (ITC) was performed using a Malvern MicroCal AutoITC200.
4.2.3 Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) was performed using a Malvern MicroCal
Auto-iTC200. The calorimetric titrations were performed at atmospheric pressure and 25
°C. An aqueous solution of NaHCO3 (~10 mM) was titrated into the aqueous cation
solution (all with a chloride counterion concentration of 1 mM) over the course of 28
injections with a stirring speed of 750 RPM. Injection volume was 0.4 μL for the first
injection, 0.5 μL for the next five injections, 1 μL for the next nine injections, and 2 μL for
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the remaining 13 injections. The experiment was run using the single site binding analysis
method and the first injection was removed due to probable leakage from the syringe.162
The heat of dilution of NaHCO3 into pure RO water measured by ITC and subtracted from
each cation titration to ensure that NaHCO3 dilution did not influence the results.
4.2.4 Bis(terpy)-metal complex synthesis.
4.2.4.1 General Procedure.
2,2’:6’,2’’-terpyridine and the metal salt were dissolved in methanol. The solution was
stirred overnight after which the solvent was removed, and the resulting powder was dried
under vacuum resulting in quantitative yields. The product was used without further
purification unless otherwise stated.
4.2.4.2 Ruthenium Complex in Chloride Form.
The resulting deep red powder was generated as stated above with the following amounts:
2,2’:6’,2’’-terpyridine (0.5 g, 0.002 mol), ruthenium(III) chloride hydrated (0.255 g, 0.97
mmol), n-ethylmorpholine (0.214 mL, 1.68 mmol), and methanol (10 mL). The mixture
was stirred under reflux overnight, after which the solvent was removed. The resulting
solids were dissolved in RO water and washed with CHCl3 three times. The RO water was
removed via rotary evaporation and dried under vacuum overnight. 1H NMR (CDCl3, ppm,
500 MHz): 9.01 (4H, d), 8.75 (4H, d), 8.54 (2H, t), 8.04 (4H, td), 7.51 (4H, d), 7.31 (4H,
td).
4.2.4.3 Ruthenium Complex in Acetate Form.
The non-functional, bis(terpyridine) ruthenium complex in the acetate form was
synthesized by dissolving the complex in the chloride form (0.147 g, 0.23 mmol) along
with silver acetate (0.077 g, 0.46 mmol)) in RO water (2.5 mL). The solution was stirred

118

at room temperature for 24 hours, during which a white precipitate formed. The resulting
silver chloride precipitate was filtered from solution, the supernatant was concentrated, and
the resulting red powder was dried under vacuum for 24 hours and used without further
purification. 1H NMR (MeOD, ppm, 500 MHz): 8.98 (4H, d), 8.72 (4H, d), 8.51 (2H, t),
8.01 (4H, m), 7.47 (4H, m), 7.27 (4H, m), 1.90 (6H, s).
4.2.4.4 Nickel Complex in Chloride Form.
The resulting tan powder was generated as stated above with the following amounts:
2,2’:6’,2’’-terpyridine (0.5 g, 0.002 mol), nickel(II) chloride hexahydrated (0.237 g, 0.001
mol), and methanol (10 mL).
4.2.4.5 Nickel Complex in Acetate Form.
The nickel complex was synthesized as described above with the following amounts:
terpyridine ligand (0.1 g, 0.43 mmol), nickel (II) acetate tetrahydrate (0.053 g, 0.21 mmol),
DCM (2.5 mL) and methanol (2.5 mL). ESI-MS m/z 262.0991 (M2+, 262.06).
4.2.4.6 Cobalt Complex in Chloride Form.
The resulting brown/red powder was generated as stated above with the following amounts:
2,2’:6’,2’’-terpyridine (0.5 g, 0.002 mol), cobalt(II) chloride hexahydrated (0.237 g, 0.001
mol), and methanol (10 mL).
4.2.4.7 Cobalt Complex in Acetate Form.
The cobalt complex was synthesized as described above with the following amounts:
terpyridine ligand (0.1 g, 0.43 mmol), cobalt (II) acetate tetrahyrdate (0.053 g, 0.21 mmol),
DCM (2.5 mL) and methanol (2.5 mL). ESI-MS m/z 262.5977 (M2+, 262.56).
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4.2.4.8 Iron Complex in Chloride Form.
The iron complex was synthesized as described above with the following amounts:
terpyridine ligand (0.5 g, 2.1 mmol), iron (II) chloride tetrahydrate (0.213 g, 1.07 mmol),
DCM (5 mL) and methanol (5 mL). 1H NMR (MeOD, ppm, 500 MHz): 9.02 (4H, d), 8.66
(2H, t), 8.58 (4H, d), 7.87 (4H, m), 7.08 (8H, m).
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C NMR (MeOD, ppm, 500 MHz):

160.33, 158.00, 152.51, 138.75, 138.18, 127.39, 123.73, 123.59. ESI-MS m/z 216.1198
(M2+, calculated 261.07).
4.2.4.9 Iron Complex in Acetate Form.
The iron complex was synthesized as described above with the following amounts:
terpyridine ligand (0.1 g, 0.43 mmol), iron (II) acetate (0.037 g, 0.21 mmol), DCM (2.5
mL) and methanol (2.5 mL). 1H NMR (MeOD, ppm, 500 MHz): 9.13 (4H, d), 8.78 (2H, t),
8.69 (4H, d), 7.97 (4H, m), 7.18 (8H, m), 1.91 (6H, s). ESI-MS m/z 261.1027 (M2+,
calculated 261.07).
4.2.4.10 Manganese Complex in Chloride Form.
The manganese complex was synthesized by dissolving terpyridine ligand (0.5 g, 2.1
mmol) and manganese (II) chloride (0.135 g, 1.07 mmol) in ethanol (10 mL) and heating
at 90 ˚C overnight, after which the solvent was removed and the resulting powder was dried
under vacuum. ESI-MS m/z 260.6281 (M2+, calculated 260.57).
4.2.4.11 Manganese Complex in Acetate Form.
The manganese complex was synthesized by dissolving terpyridine ligand (0.1 g, 0.43
mmol) and manganese (II) acetate tetrahydrate (0.053 g, 0.21 mmol) in ethanol (5 mL) at
90 ˚C and stirring overnight. In the morning the solvent was removed and the resulting
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powder was dried under vacuum. ESI-MS m/z tpyMn+OAc 347.0907 (M1+, calculated
347.05).
4.2.4.12 Zinc Complex in Chloride Form.
The zinc complex was synthesized as described above with the following amounts:
terpyridine ligand (0.5 g, 2.1 mmol), zinc (II) chloride (0.146 g, 1.07 mmol), and DCM (5
mL) methanol (5 mL). ESI-MS m/z 265.1189 (M2+, calculated 265.06).
4.2.4.13 Zinc Complex in Acetate Form.
The zinc complex was synthesized as described above with the following amounts:
terpyridine ligand (0.1 g, 0.43 mmol), zinc (II) acetate dihydrate (0.047 g, 0.21 mmol),
DCM (2.5 mL) and methanol (2.5 mL). ESI-MS m/z 265.0975 (M2+, calculated 265.06).
4.2.4.14 TEO Functionalized Terpyridine.
To a 100 mL round bottom flask equipped with a stir bar, potassium hydroxide (1.2 g,
0.021 mol), tetra(ethylene glycol) monomethyl ether (1.5 mL, 0.0075 mol), and DMSO (30
mL) were added. The mixture was stirred at 50 ˚C for 30 minutes after which 4-chloro2,2’:6’,2’’-terpyridine (1 g, 0.0037 mol) was added as a powder. The solution was stirred
at 50 ˚C overnight. The reaction mixture was then diluted with RO water (150 mL) and the
organic phase was extracted with diethyl ether three times. The organic phase was then
dried with sodium sulfate, filtered and the remaining solvent was removed. After drying
under vacuum, the product was obtained as a clear oil (yield 1.62 g, >95%). 1H NMR
(MeOD, ppm, 500 MHz): 8.67 (2H, m), 8.61 (2H, m), 7.99 (4H, m), 7.48 (2H, m), 4.42
(2H, m), 3.96 (2H, m), 3.76 (2H, m), 3.69 (2H, m), 3.65 (2H, m), 3.61 (4H, m), 3.50 (2H,
m), 3.33 (3H, br).
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C NMR (MeOD, ppm, 500 MHz): 167.20, 157.01, 155.77, 148.65,
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137.27, 124.07, 121.53, 107.12, 71.53, 70.48, 70.23, 70.21, 70.13, 69.93, 69.12, 67.65,
57.65. ESI-MS m/z 462.2818 (M1+ + Na+, 439.21).
4.2.4.15 TEO Functionalized Metal Complex General Procedure.
The PEO functionalized terpyridine ligand was dissolved in DCM and mixed with a
solution of metal chloride salt dissolved in methanol. The mixture was then stirred
overnight at room temperature after which the solvent was removed. The resulting powder
was dried under vacuum to produce the desired metal complex.
4.2.4.16 TEO-Ni.
The nickel complex was synthesized as described above with the following amounts: TEO
terpyridine ligand (0.25 g, 0.57 mmol), nickel (II) chloride hexahydrate (0.068 g, 0.28
mmol), DCM (5 mL), and methanol (5 mL) resulting in a tan powder. ESI-MS m/z
468.2349 (M2+, 468.18).
4.2.4.17 TEO-Co.
The cobalt complex was synthesized as described above with the following amounts: TEO
terpyridine ligand (0.25 g, 0.57 mmol), cobalt (II) chloride hexahydrate (0.068 g, 0.28
mmol), DCM (5 mL), and methanol (5 mL) resulting in a red/brown powder. ESI-MS m/z
468.7568 (M2+, 468.68).
4.2.4.18 TEO-Fe.
The iron complex was synthesized as described above with the following amounts: TEO
terpyridine ligand (0.25 g, 0.57 mmol), iron (II) chloride tetrahydrate (0.057 g, 0.28 mmol),
DCM (5 mL), and methanol (5 mL) resulting in a purple powder. 1H NMR (MeOD, ppm,
500 MHz): 8.79 (4H, s), 8.67 (4H, d), 7.96 (4H, m), 7.29 (4H, d), 7.19 (4H, m), 4.85 (4H,
m), 4.18 (4H, m), 3.88 (4H, m), 3.79 (4H, m), 3.72, (4H, m), 3.65 (8H, m), 3.56 (4H, m),
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3.34 (3H, s). 13C NMR (MeOD, ppm, 500 MHz): 168.38, 160.85, 158.30, 152.84, 138.43,
127.19, 123.54, 111.36, 71.58, 70.54, 70.31, 70.19, 69.97, 69.75, 69.21, 57.68. ESI-MS
m/z 467.2424 (M2+, 467.18).
4.2.4.19 TEO-Mn.
The nickel complex was synthesized as described above with the following amounts: TEO
terpyridine ligand (0.25 g, 0.57 mmol), manganese (II) chloride (0.036 g, 0.28 mmol), and
ethanol (10 mL) resulting in a tan powder. ESI-MS m/z 466.7533 (M2+, 466.68).
4.2.4.20 TEO-Zn.
The nickel complex was synthesized as described above with the following amounts: TEO
terpyridine ligand (0.25 g, 0.57 mmol), zinc (II) chloride (0.039 g, 0.28 mmol), DCM (5
mL), and methanol (5 mL) resulting in a tan powder. 1H NMR (MeOD, ppm, 500 MHz):
8.78 (4H, d), 8.51 (4H, br), 8.21 (4H, t), 7.89 (4H, br), 7.49 (4H, m), 4.78 (4H, br), 4.10
(4H, br), 3.83 (4H, m), 3.75 (4H, m), 3.69 (4H, m), 3.64 (8H, m), 3.55 (4H, m), 3.34 (3H,
s). 13C NMR (MeOD, ppm, 500 MHz): 171.82, 151.06, 148.10, 147.37, 141.10, 127.40,
122.91, 110.02, 71.57, 70.49, 70.27, 70.18, 70.16, 69.96, 69.79, 69.09, 57.68. ESI-MS m/z
471.2480 (M2+, 471.18).
4.3 Results and Discussion
4.3.1 ITC in Chloride Form
Since the metrics traditionally used to explain ion conduction in AEMs failed to
fully capture the ion conductivity trends observed for these metal cation-based AEMs, the
thermodynamics of counterion conduction was characterized for the different cations.158
Counterion release for conduction depends on the strength of the cation-counterion
association, with a weaker association increasing the free ion concentration and ion
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conductivity.27 Therefore, the association strength between each metal cation and its
corresponding chloride counterion was examined with a counterion exchange experiment
using isothermal titration calorimetry (ITC) to determine if the thermodynamics of
counterion exchange could account for the trends in conductivity. ITC is used for
measuring the heat exchange upon binding between two species.163,164
However, since ITC required the analyte to be soluble in an aqueous medium,
neither the AEMs nor the metal complex monomers could be characterized. Therefore,
model, analogous small molecule bis(terpyridine) metal complexes were synthesized from
non-functional terpyridine, bis(terpy)Ni, bis(terpy)Ru, bis(terpy)Co, bis(terpy)Fe
bis(terpy)Mn, and bis(terpy)Zn, as shown in Figure 56, to isolate the metal center’s effect
on the strength of the cation-counterion pair. Bis(terpy)Ru was also confirmed to not
contain the n-ethylmorpholinium salt by 1H NMR (Figure 57). However, the zinc- and
manganese-based cations in the chloride form could not be characterized in the ITC due to
their water insolubility. The association strength was quantified by measuring the enthalpic
response of breaking the initial ion pair between the metal cation and its chloride
counterions by adding bicarbonate counterions to form new ion pairs.
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Figure 56. Synthetic scheme for model bis(terpyridine) metal complexes in the chloride
form for use in ITC experiments.

Figure 57. 1H NMR (500 MHz) spectra of bis(terpy)Ru in methanol-d4 confirming the
absence of the N-ethylmorpholinium chloride salt due to a lack of peaks at 1.35 and 3.2
ppm, indicated by the boxes.
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To probe the thermodynamics of the cation-counterion association, the metal
complexes in the chloride form were dissolved in RO water then titrated with an aqueous
sodium bicarbonate solution from zero to two molar equivalents of bicarbonate to chloride
counterion. As the solutions were titrated, the heat of counterion exchange was monitored
(Figures 58A) and the change in enthalpy for each injection (calculated as the area under
the heat absorption spike) was plotted against the molar ratio of NaHCO3 to initial chloride
counterion as a binding curve (Figure 58B). All titrations were compared to a control
monitoring the heat of dilution of the NaHCO3 into pure RO water, where the curves in
Figure 58 are corrected for this heat of dilution. The peaks in Figure 58A became larger
after injections 6 and 15 since a larger volume of NaHCO3 was injected after those points,
but the overall ΔH for the reaction continued to decrease as shown in Figure 58B.
Traditionally, the binding curve obtained would be fit to determine a binding constant,
however, the nickel and iron complex did not produce curves that could be fit, as they were
too noisy, most likely due to the low amount of heat exchanged.165,166 Therefore, the total
change in enthalpy, ΔHtot, for all four titrations was calculated by summing each data point
in the plot (Table 14), as each data point represents the ΔH for a single injection.63,167
Interestingly, the spontaneous exchange (negative ΔG) for all metal complexes was
endothermic, with positive ΔHtot values, indicating that a positive change in entropy, ΔS,
drove the reaction (equation 11).
𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆

(11)

The change in entropy should be similar for all four reactions since the same
number of principle molecules were involved in each exchange and the same exchange
occurred for each titration. In addition, all experiments were run at the same temperature,

126

25 °C. Therefore, differences in the measured ΔHtot could be correlated to differences in
the overall change in energy, ΔG, of the reaction, using equation 11. For the exchange,
bis(terpy)Fe had a ΔHtot of 361 cal/mol HCO3-, about half as large as bis(terpy)Ni at 586
cal/mol HCO3-, which was about half as large as bis(terpy)Ru and bis(terpy)Co, at 1003
cal/mol HCO3- and 1120 cal/mol HCO3-, respectively.

Figure 58. Counterion exchange from chloride to bicarbonate ion in MilliQ water at 25 °C
plotted using ITC for various terpyridine-metal complexes. A) Raw ITC data for each metal
complex stacked on the y-axis for clarity, average of two trials, which has been corrected
for the heat of dilution of the NaHCO3 solution into water and B) Integration data plotted
as a binding curve showing the decrease in the change in enthalpy for each injection as the
molar ratio of NaHCO3 increased. Complexes contained either iron (magenta), nickel
(blue), ruthenium (green), or cobalt (orange).
Since the iron complex had a smaller ΔHtot, but likely a similar TΔS term, the ΔG
of counterion exchange for the iron complex was more negative than for the other metals,
which suggested that there was more of a thermodynamic driving force for chloride ion
release, a parameter that has previously been difficult to measure for AEMs and PEMs.
Additionally, the lower ΔHtot indicated that less energy needed to be absorbed by the iron
system to facilitate counterion exchange, strongly suggesting that iron had weaker initial
binding to its chloride counterions. Weaker initial counterion binding and a stronger
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thermodynamic driving force for counterion release should increase the number of free
ions and increase the AEM’s conductivity.27 Given that ion release is critical to any
conductivity mechanism, and that the percentage of free ions is directly correlated to
conductivity, this thermodynamic driving force for ion release appears to be the prevailing
factor for the iron-based AEM’s superior ion conductivity.27,168
Table 14. Summary of the ITC data for each bis(terpyridine) metal complex showing the
total change in enthalpy for each counterion exchange reaction.
ΔHtot (cal/mol HCO3-)
Cl-→HCO3- (TEO
functionalized)c
Ru
1,003 ± 48
233 ± 41
Ni
586 ± 41
402 ± 29
654 ± 147
Co
1,120 ± 42
637 ± 21
805 ± 151
Fe
361 ± 54
653 ± 22
709 ± 41
Zn
1,185 ± 55
869 ± 59
Mn
2,588 ± 79
1,040 ± 49
a
Counterion exchange reaction for metal complexes in the chloride form to the bicarbonate
form. bCounterion exchange reaction for metal complexes in the acetate form to the
bicarbonate form. cCounterion exchange reaction for tetra(ethylene oxide) (TEO)
functionalized metal complexes in the chloride form to the bicarbonate form.
Sample

Cl-→HCO3- a

OAc-→HCO3- b

Interestingly, the enthalpy of ion exchange measured by ITC indicates the cationcounterion association strength and correlates well with the conductivity of an AEM. This
cation-counterion association strength appears to give insight into these materials that other
measurements of membrane properties do not. Figure 59 illustrates the linear correlation
between the chloride conductivity at 80 ˚C for a metal cation in an AEM and the ΔHtot
values from ITC that relate to the cation-counterion association strength. The cobalt-based
sample is not shown since it could not be characterized for its AEM chloride ion
conductivity. The ΔHtot values decrease as the cation-counterion association weakens, due
to an increase in the ion hydration of the ion pair (discussed in detail below), which leads
to enhanced chloride ion conductivity (Figure 59).169,170 This observed correlation validates
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the utility of ITC to characterize the association strength between cations and their chloride
counterions in order to understand ion conductivity in these materials.

Figure 59. Plot of chloride conductivity versus ΔHtot for iron (magenta), nickel (blue), and
ruthenium (green) showing the linear correlation between the two properties.
4.3.2 ITC in Acetate Form
In order to verify the impact of the counterion, ITC of analogous small molecule
metal cations in the acetate form were synthesized for iron, nickel, zinc, manganese, and
cobalt cations following a similar procedure as for the cations in the chloride form (Figure
60). The ruthenium-based cation was synthesized in a two-step process, first by forming
the cation in the chloride form and then converting it to the acetate form (Figure 61), with
complete conversion being confirmed by both
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Cl and 1H NMR (Figure 62 and 63).

Acetate counterions where chosen for their known ability to increase the water solubility
of cations.159
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Figure 60. Synthetic scheme for model bis(terpyridine) metal complexes with acetate
counterions for use in ITC experiments.

Figure 61. Synthetic scheme for conversion of the ruthenium complex from the chloride
form to the acetate form.

Figure 62. 35Cl NMR of the ruthenium complex in the chloride form (red) and acetate form
(black) showing complete loss of the chloride counterions.
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Figure 63. 1H NMR of the ruthenium complex in the chloride form (red) and acetate form
(black) showing the appearance of a peak corresponding to the acetate counterions.
Once the metal cations were in the acetate form, the same ITC titration method was
used to perform a counterion exchange for these cations from the acetate to bicarbonate
form (Figure 64). The ΔHtot was calculated for each metal cation by summing each data
point from the curve (Table 14). Similar to the acetate conductivity, the trend in ΔHtot for
the cations in the acetate form was also different from the trend observed for those in the
chloride form. The ΔHtot of the cations in the acetate form followed the trend of ruthenium
(233 cal/mol) < nickel (402 cal/mol) < cobalt (637 cal/mol) ~ iron (653 cal/mol) < zinc
(1,185 cal/mol) < manganese (2,588 cal/mol). The differences observed for the cations in
the acetate form as compared to those in the chloride form further indicate differences in
the ion association strength for different counterions.
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Figure 64. Counterion exchange from acetate to bicarbonate ion in Milli-Q water at 25 °C
plotted using ITC for various terpyridine-metal complexes. A) Raw ITC data, average of
three trials, which has been corrected for the heat of dilution of NaHCO3 into water. B)
Integration data plotted showing the change in enthalpy for each injection as the molar ratio
of NaHCO3 increased. Complexes contained either ruthenium (green), nickel (blue), cobalt
(orange), iron (magenta), zinc (black), or manganese (red).
To determine whether the cation-counterion association strength for cations in the
acetate form determined by ITC can be used to reliably understand their ion conductivity,
the ΔHtot for each cation was plotted against the acetate conductivity at 80 ˚C for the AEM
containing the corresponding metal cation (Figure 65). Similar to the chloride ions, there
appears to be a linear correlation between the ΔHtot and the conductivity values for acetate
ions as well. This data indicates that the low ion conduction observed for the manganesebased membrane appears to be dominated by a stronger ion pair association for the
manganese cation, seen through a large ΔHtot value, as opposed to the low IEC value. This
ΔHtot data demonstrates that the ITC method is a robust approach for determining the
association strength between the cation and its counterion, through determination of a ΔHtot
value, and that it can be used to generally predict how well a cation will conduct its
counterion in an AEM for more than just chloride ions.
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Figure 65. Plot of acetate conductivity versus ΔHtot for ruthenium (green), nickel (blue),
cobalt (orange), iron (magenta), zinc (black), and manganese (red) showing the correlation
between the two properties for cations in the acetate form.
4.3.3 ITC of TEO-Functionalized Cations
As demonstrated with the small molecule zinc and manganese cations in the
chloride form, not all cations are soluble in water, which limits the number of cations that
can be characterized using this ITC method. Therefore, functionalizing cations to improve
their water solubility was used to widen the scope of this characterization technique.
Functionalization of the cations was accomplished by synthesizing small molecule metal
cations in the chloride form that were functionalized with short tetra(ethylene oxide) (TEO)
groups containing either nickel, cobalt, iron, zinc, or manganese, with the TEO groups
improving water solubility of the cations (Figure 66).
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Figure 66. Synthetic scheme for TEO functionalized bis(terpyridine) metal complexes
with chloride counterions for use in ITC experiments.
The functionalized cations in the chloride form were then characterized using the
same ITC method that was used for the non-functionalized metal cations in the chloride
and acetate forms (Figure 67). The counterion exchange measured by the ITC produced an
enthalpic response that was similar for all cations, within error, regardless of the metal
center (Figure 67 and Table 14). These similarities were surprising since it has already been
established that changing the metal center has a strong impact on the enthalpic response to
counterion exchange due to differences in the cation-counterion association strength.
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Figure 67. Counterion exchange from chloride to bicarbonate ions in Milli-Q water at 25
°C plotted using ITC for various TEO-functionalized terpyridine-metal complexes. A) Raw
ITC data, average of three trials, which has been corrected for the heat of dilution of
NaHCO3 into water. B) Integration data plotted showing the change in enthalpy for each
injection as the molar ratio of NaHCO3 increased. Complexes contained either nickel
(blue), cobalt (orange), manganese (red), zinc (black), or iron (magenta).
The fact that all TEO-functionalized metal cations produced a similar enthalpic
response, despite the knowledge that they bind their counterions with different affinities,
indicated that the TEO functional groups dominated the enthalpic response in the ITC. It
has been shown previously that the ion hydration plays a key role in how strongly bound
an anion is to its cation and that entropic changes in the number of water molecules
involved in the ion hydration is the driving force for this counterion exchange reaction.63,171
Therefore, it appears that the TEO groups attached to the cations dominate both of these
factors. It is possible that the TEO chains influence the location of water around the
molecules, thus impacting the change in water during the counterion exchange reaction and
dominating the enthalpic response in the ITC. Furthermore, it is also likely that the TEO
groups interact with and stabilize the metal cations, further impacting the ion hydration and
thus the ion pair association strength for these functional cations. Since the water’s
interaction with the cations was dominated by the TEO chains, and all the functional
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cations had the same TEO chains, this would explain the similar ΔHtot values obtained for
all metal cations from the ITC experiment. The impact of the TEO groups shows that while
this ITC method appears to be a strong approach for characterizing cations, the functional
groups attached to the cation can have significant impact on the ΔHtot values.
4.3.4 ITC of Nitrogen-Based Cations
Characterizing the thermodynamic driving force for counterion release in metal
cations led to a quantitative understanding of conductivity trends in the corresponding
AEMs. Therefore, the same technique was used to study more traditional nitrogen-based
cations in order to investigate the general applicability of ITC towards a wider range of
cations. Consequently, five nitrogen-based cations, tetramethylammonium (TMA),
benzyltrimethylammonium

(BMeA),

benzyltriethylammonium

(BEtA),

benzyltributylammonium (BBuA), and 1-ethyl-3-methylimidazolium (EMI), were studied
using ITC (Figures 68-70). All five nitrogen-based cations were characterized following
the same procedure used for the metal cations. The heat of counterion exchange was
monitored in Figures 68A and 69A, with the change in enthalpy for each injection plotted
against the molar ratio in Figures 68B and 69B. Interestingly, the titration of the nitrogenbased cations produced curves similar to the bis(terpy)Fe titration curve, suggesting that
both types of cations had similar counterion exchange behavior. The ΔHtot was again
calculated and Figure 70 shows that the nitrogen-based cations were also overall
endothermic reactions, yet still spontaneous, meaning that entropy dominated their
counterion exchange as well. All nitrogen-based cations demonstrated low ΔHtot values,
where BEtA, BMeA, and BBuA had similar ΔHtot of 207, 212, and 287 cal/mol HCO3-,
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respectively, which were lower than TMA (ΔHtot of 350 cal/mol HCO3-), and EMI (ΔHtot
of 481 cal/mol HCO3-).

Figure 68. Counterion exchange curves for nitrogen-based cations TMA (black), BMeA
(red), and EMI (blue). A) Raw ITC data for each cation shifted for clarity, average of three
trials, which has been corrected for the heat of dilution of the NaHCO3 solution into water
and B) Integration data plotted as a binding curve showing the decrease in the change in
enthalpy for each injection as the molar ratio of NaHCO3 increased. Samples were run in
MilliQ water at 25°C exchanging chloride counterions for bicarbonate.

Figure 69. Counterion exchange curves for nitrogen-based cations BMeA (black), BEtA
(red), and BBuA (blue), showing no change with increased hydrophobicity. A) Raw ITC
data for each cation shifted for clarity, which has been corrected for the heat of dilution of
the NaHCO3 solution into water and B) Integration data plotted as a binding curve showing
the decrease in the change in enthalpy for each injection as the molar ratio of NaHCO3
increased. Samples were run in MilliQ water at 25°C exchanging chloride counterions for
bicarbonate.
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Counterion exchange experiments with BMeA, BEtA, and BBuA probed the effect
of cation hydrophobicity and steric crowding on counterion association, as those
parameters could affect how the cation interacts with the counterion and the surrounding
aqueous environment (Figure 70) The titration of these cations demonstrated that
increasing the alkyl chain length of the cation’s substituents appeared to have little effect
on counterion binding. This was surprising since increasing the hydrophobicity of the
cation was expected to increase the strength of the ion pair as it becomes less water soluble,
but that was clearly not the case in this instance as ΔHtot was similar for all three
cations.71,172

Figure 70. Nitrogen-based cations used for ITC characterization arranged in order of
increasing ΔHtot from left to right.
4.3.5 Importance of Ion Hydration
The differences, or lack of differences, among cations in the thermodynamics of
the cation-counterion association captured by ITC were most likely related to the cation
hydration on the molecular level, as opposed to the bulk hydration number obtained from
the swollen membrane. It is important to note that the ion hydration relates to the number
of water molecules directly interacting with the cation, which is a separate parameter from
the hydration shell, which corresponds to the number of water molecules surrounding the
cation, but not necessarily directly interacting with it.170 In general, more hydrated cations
have a decreased association strength with their counterions as the electrostatic interaction
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with the water molecules stabilizes the charge allowing the cation to more easily release
its counterion. This more facile release of counterions manifests as a decrease in the
magnitude of the enthalpic response during counterion exchange as measured by ITC.169
Furthermore, larger cations tend to have less hydration than smaller ions, as water
molecules surrounding the cation interact more with each other and less with the cation,
due to lower electrostatic forces and more delocalized charge associated with the larger
ion.11,170,173,174
For example, a previous report studied the binding of various metal chloride salts
to polyoxometalates using ITC.171 As the metal was changed between Na+, K+, Rb+, and
Cs+, the heat produced by binding significantly increased as the size of the cation increased.
Given how increased ion size also results in reduced hydration, the increased enthalpic
response was related to the decreased hydration of the ions creating stronger ion pairs. The
relationship between ion hydration, ion pair strength, and the magnitude of the enthalpic
response measured by ITC, regardless of whether it was exothermic or endothermic, can
be understood through Figure 71. That same hydration phenomenon most likely accounts
for the changes in ITC measured here. As the hydration of the cation decreases, the strength
of the ion pair association between the cation and its initial counterion increases, making
it more difficult to perform the counterion exchange, as expressed by a larger, more
endothermic ΔHtot.
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Figure 71. Illustration of the correlation between ion hydration, ion pair association
strength, and the enthalpic response to breaking and forming ion pairs as measured by ITC,
where green indicates the cation, grey indicates the anion, and blue indicates the water
molecules.
The impact of ion hydration on the enthalpic response to counterion exchange in an
ITC is perfectly exemplified with the organic cations studied. For example, despite the
increased hydrophobicity, BMeA, BEtA, and BBuA all have similar ΔHtot values,
indicating they had similar levels of ion hydration. The similarity in the ΔHtot values
matches what is known from literature showing that tetramethylammonium and
tetrabutylammonium analogues have similar levels of cation hydration, due to the water
molecules’ ability to penetrate the longer butyl alkyl chains and interact with the nitrogen
atom.175 Therefore, these three cations establish the connection between the enthalpic
response measured by ITC and cation hydration, indicating that cation hydration had a
greater impact on the enthalpic response than the cation’s hydrophobicity. Furthermore,
BMeA had a lower ΔHtot than TMA, which was lower than EMI. These slight differences
could also be explained by small differences in cation hydration. The stabilizing effect of
the benzyl group on the cation for BMeA would allow the counterion to dissociate more,
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increasing the hydration of the cation as compared to TMA. In addition, TMA should have
greater hydration than EMI due to the increased size and delocalization of the charge on
the imidazolium ring. As illustrated in Figure 71, this decreased hydration from BMeA to
TMA to EMI would result in an increase of the initial ion pair strength with the chloride
counterion, causing the larger enthalpic penalty (larger endothermic ΔHtot) measured by
ITC for EMI over TMA, and TMA over BMeA (Figure 70).
4.4 Conclusions
Understanding the scope in which ITC can be used to characterize the cationcounterion association strength of cations used in AEMs provides valuable insight into new
material designs. Using analogous small molecule metal cations containing iron, nickel,
ruthenium, zinc, manganese, and cobalt, we demonstrated that the ΔHtot obtained from the
counterion exchange method measured in an ITC correlates well to AEM conductivity. It
was first shown that the ΔHtot from ITC trends linearly with ion conductivity for nickel,
ruthenium, cobalt, and iron metal cations with simple chloride counterions.
Due to the insolubility of the manganese and zinc cations in the chloride form, the
ITC approach was expanded to include metal cations containing the more complex acetate
counterion, which again demonstrated a linear correlation with AEM acetate conductivity
similar to the correlation observed for the chloride ion. Interestingly, this data demonstrated
the critical importance the nature of the counterion has on the cation-counterion association
strength, where the trend in the association strength for a series of cations changes as the
counter anion is changed. Modifying the terpyridine ligands with TEO to render the cations
in the chloride form water soluble proved ineffective as the TEO chains appear to dominate
the ITC approach so that the counterion exchange reaction yielded similar ΔHtot values for
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all cations. This ITC approach was expanded to characterize nitrogen-based cations,
showing that measuring the enthalpic response for a counterion exchange in an ITC can be
used to effectively identify the cation-counterion association strength for organic cations
as well as metal cations.
The cation-counterion association strength, determined using ITC to quantify the
ΔHtot of a counterion exchange reaction, has proven to be a critical parameter for predicting
AEM conductivity. This ITC approach has been effectively demonstrated with a series of
six metal cations and two different counterions. The similarity in the ITC results for TEO
functionalized cations indicates that users of this technique must take caution when
attaching functional groups, as moieties that strongly interact with water or the cation will
complicate results, since the technique relies on changes in the number of water molecules
directly interacting with the cation. Despite the precaution of using this technique with
modified cations that may influence the ITC experiment, the technique is a robust approach
for determining the strength of binding between a cation and its counterion, regardless of
the counterion type. The association strength between the cation and its counterion is
dependent on the nature of the counterion, meaning a trend for a series of cations with one
counterion will not necessarily translate to a different counterion. That demonstrates the
complexity with using alternate counterions (such as chloride and bicarbonate) to explain
AEM conductivity trends in fuel cells utilizing hydroxide ions. Moreover, these studies
further implied that the cation hydration, as opposed to the standardly measured bulk
membrane hydration, has a strong influence on the cation−counterion association
thermodynamics, which accounts for the significant differences in the measured ΔHtot for
counterion exchange. Understanding the fundamental associations between a cation and its
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counterion will inform the design of and improvements upon existing AEM materials to
optimize their performance.

143

CHAPTER 5
USING ISOTHERMAL TITRATION CALORIMETRY TO INFORM THE
SYNTHETIC DESIGN OF CATIONS FOR AEMs
5.1 Introduction
The fundamental associations between a cation and its counterion are critical for
understanding and ultimately predicting AEM ion conduction. Electrostatic interactions
have been well proven to weaken this cation-counterion association strength (CCAS), such
as the electrostatic interaction between water and the cation, termed the ion hydration.11,169–
171,173,174

Therefore, another well-known electrostatic interaction, the cation-pi interaction,

was used here to weaken the CCAS for quaternary ammonium-based cations.74,176–178 The
cations were then modified to identify design features for the strongest cation-pi
interaction. Beyond the cation-pi interaction, the known stabilizing effect from proximity
to electronegative groups, such as oxygen and benzene rings, was also explored as these
synthetic features are common in AEM materials.
5.2 Experimental
5.2.1 Materials
Benzyl chloride, 1,3-propanediol, 1,4-butanediol, 1,6-hexanediol, 1,8-octanediol, sodium
hydride, dimethylformamide (DMF), thionyl chloride, pyridine, trimethylamine (ca. 13%
in

tetrahydrofuran),

benzyl

chloromethyl

ether,

2-(benzyloxy)ethanol,

cyclohexanemethanol, paraformaldehyde, chlorotrimethylsilane, hexanes, ethyl acetate,
diethyl ether, sodium sulfate, lithium chloride, sodium chloride, potassium chloride,
rubidium chloride, sodium bicarbonate, and dimethyl sulfoxide were purchased from
Sigma Aldrich, Alfa Aesar, Acros Organics, Fisher Scientific, or Tokyo Chemical Industry
and were used as received.
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5.2.2 Instrumentation
The 1H, 13C, and NOE NMR spectra were recorded using a Bruker 500 MHz Ascend NMR
Spectrometer retrofitted with a cryo-probe. Isothermal titration calorimetry (ITC) was
performed using a Malvern MicroCal Auto-iTC200. Effective chloride concentration was
measured using a Vernier Go Direct® Chloride Ion-Selective Electrode.
5.2.3 Cation Synthesis
5.2.3.1 General Procedure.
Sodium hydride was suspended in DMF in a 50 mL round bottom flask. The flask was then
purged with N2 gas. The corresponding diol was dissolved in DMF and added to the sodium
hydride solution via syringe. The solution was stirred for 30 minutes at room temperature
after which benzyl chloride was added via syringe. The mixture was then stirred at room
temperature overnight. In the morning, the remaining sodium hydride was quenched slowly
with RO water. The solution was further diluted with RO water and extracted three times
with diethyl ether. The organic phase was dried over sodium sulfate, filtered and
concentrated under vacuum. The crude product was purified using a CombiFlash Isco
automated silica column with an eluent mixture of ethyl acetate and hexanes. A gradient
from 0% to 30% ethyl acetate over 40 min at a flow rate of 25 mL/min was sufficient for
separation. The product was concentrated after which thionyl chloride and pyridine were
added to the flask. The solution was then refluxed with stirring for 2 hours and then
quenched with RO water. The product was extracted with diethyl ether three times and
dried over sodium sulfate. The salt was filtered, and the solvent was removed under
vacuum. The crude product was then dissolved in trimethylamine (ca. 13 % in
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tetrahydrofuran) and heated at 100 ˚C for 24 hours. The pure product was filtered from the
solution and dried under vacuum for 24 hours.
5.2.3.2 Methyl.
The Methyl cation was synthesized by dissolving benzyl chloromethyl ether (1.2 mL,
0.009 mol) in trimethylamine (20 mL) and stirring at room temperature for 24 hours. The
product precipitated out of solution and was filtered. The pure product was dried under
vacuum for 24 hours and obtained as a white powder (yield 1.53 g). 1H NMR (D2O, ppm,
500 MHz): 7.46 (5H, m), 4.92 (2H, s), 4.68 (2H, s), 3.07 (9H, s).
5.2.3.3 Propyl.
The Propyl cation was synthesized as described above using the following amounts:
sodium hydride (2 g, 0.083 mol) was dissolved in DMF (10 mL), 1,3-propanediol (3.14
mL, 0.04 mol) was dissolved in DMF (5 mL), benzyl chloride (1 mL, 0.009 mol), thionyl
chloride (20 mL, 0.27 mol), pyridine (2 mL, 0.025 mol), trimethylamine (20 mL). The
product was obtained as an off-white solid (yield 0.39 g). 1H NMR (D2O, ppm, 500 MHz):
7.43 (5H, m), 4.56 (2H, s), 3.67 (2H, t), 3.37 (2H, m), 3.08 (9H, s), 2.07 (2H, m).
5.2.3.4 Butyl.
The Butyl cation was synthesized as described above using the following amounts: sodium
hydride (2 g, 0.083 mol) was dissolved in DMF (10 mL), 1,4-butanediol (3.8 mL, 0.04
mol) was dissolved in DMF (5 mL), benzyl chloride (1 mL, 0.009 mol), thionyl chloride
(20 mL, 0.27 mol), pyridine (2 mL, 0.025 mol), trimethylamine (20 mL). The product was
obtained as an off-white solid (yield 0.39 g). 1H NMR (D2O, ppm, 500 MHz): 7.43 (5H,
m), 4.55 (2H, s), 3.62 (2H, t), 3.27 (2H, m), 3.05 (9H, s), 1.81 (2H, m), 1.64 (2H, m).
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5.2.3.5 Hexyl.
The Hexyl cation was synthesized as described above using the following amounts: sodium
hydride (2 g, 0.083 mol) was dissolved in DMF (10 mL), 1,6-hexanediol (5 g, 0.04 mol)
was dissolved in DMF (5 mL), benzyl chloride (1 mL, 0.009 mol), thionyl chloride (20
mL, 0.27 mol), pyridine (2 mL, 0.025 mol), trimethylamine (20 mL). The product was
obtained as an off-white solid (yield 0.34 g). 1H NMR (D2O, ppm, 500 MHz): 7.42 (5H,
m), 4.54 (2H, s), 3.57 (2H, t), 3.25 (2H, m), 3.06 (9H, s), 1.75 (2H, m), 1.60 (2H, m), 1.37
(4H, m).
5.2.3.6 Octyl.
The Octyl cation was synthesized as described above using the following amounts: sodium
hydride (2 g, 0.083 mol) was dissolved in DMF (10 mL), 1,3-propanediol (6.3 g, 0.04 mol)
was dissolved in DMF (5 mL), benzyl chloride (1 mL, 0.009 mol), thionyl chloride (20
mL, 0.27 mol), pyridine (2 mL, 0.025 mol), trimethylamine (20 mL). The product was
obtained as an off-white solid (yield 0.31 g). 1H NMR (D2O, ppm, 500 MHz): 7.42 (5H,
m), 4.53 (2H, s), 3.55 (2H, t), 3.26 (2H, m), 3.06 (9H, s), 1.73 (2H, m), 1.58 (2H, m), 1.32
(8H, br).
5.2.3.7 CyMethyl.
CyMethyl was synthesized by dissolving cyclohexanemethanol (1 mL, 0.008 mol) and
paraformaldehyde (0.24 g, 0.008 mol) in chlorotrimethylsilane (5 mL). The mixture was
stirred for 2 hours at room temperature after which the residual solvent was removed. The
crude product was then dissolved in trimethylamine (20 mL) and stirred at room
temperature for 24 hours. The white precipitate was filtered and dried under vacuum
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resulting in the product as a white powder (yield 1.3 g). 1H NMR (D2O, ppm, 500 MHz):
4.61 (2H, s), 3.70 (2H, d), 3.04 (9H, s), 1.67 (6H, br), 1.19 (3H, m), 0.99 (2H, m).
5.2.3.8 EthylOMe.
EthylOMe was synthesized by dissolving 2-(benzyloxy)ethanol (1 mL, 0.007 mol) and
paraformaldehyde (0.21 g, 0.007 mol) in chlorotrimethylsilane (5 mL). The mixture was
stirred for 2 hours at room temperature after which the residual solvent was removed. The
crude product was then dissolved in trimethylamine (20 mL) and stirred at room
temperature for 24 hours. A second oil phase was observed in the morning. The remaining
solvent was decanted off after which the oil was precipitated into diethyl ether and
centrifuged. The diethyl ether was decanted off and the product was dried under vacuum
at 50 ˚C for 24 hours. The pure product was obtained as a clear, colorless oil (yield 1.47
g). 1H NMR (D2O, ppm, 500 MHz): 7.43 (5H, m), 4.61 (4H, s), 4.03 (2H, m), 3.78 (2H,
m), 3.03 (9H, s).
5.2.4 Isothermal Titration Calorimetry
Isotherm titration calorimetry (ITC) was performed following a previously published
procedure. An aqueous solution of NaHCO3 (10 mM) was titrated into an aqueous solution
containing the cationic species (1 mM), made using MilliQ water, over the course of 28
injections at a stirring speed of 750 rpm. Injection volume was 0.4 μL for the first injection,
0.5 μL for the next five injections, 1 μL for the next nine injections, and 2 μL for the
remaining 13 injections. The experiment was run using the single site binding analysis
method and the first injection was removed due to probable leakage from the syringe. The
heat of dilution of NaHCO3 into pure RO water measured by ITC and subtracted from each
cation titration to ensure that NaHCO3 dilution did not influence the results.
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5.2.5 Chloride Ion Selective Electrode
In a typical experiment, 8 mL of a cationic solution (5 mM for organic cations, 2.98 mM
for metal chloride salts) was placed in a 20 mL scintillation vial with a stir bar. The chloride
ion selective electrode was then inserted into the solution with stirring. The system was
allowed to equilibrate for 1-2 minutes and then the effective concentration was measured
using the electrode for 180 seconds. The average effective concentration was determined
from that run. This was repeated twice more for each cation solution.
5.3 Results and Discussion
5.3.1 Synthesis of Quaternary Ammonium-Based Cations
To understand the impact the cation-pi interaction and proximity to an oxygen atom
have on the CCAS, a series of seven different quaternary ammonium-based small molecule
cations were synthesized (Figure 72). Five cations (Methyl, Propyl, Butyl, Hexyl, and
Octyl) were synthesized following a three-step process starting from benzyl chloride
(Figure 72A). The nomenclature for these cations indicates the number of carbons between
the benzyl alcohol and the trimethylammonium (TMA) cation. For example, Methyl has
one carbon between the oxygen and the cation, while Octyl has eight. The other two cations
(CyMethyl and EthylOMe) were synthesized following a two-step process starting from
their respective alcohols (Figure 72B). The “Cy” for CyMethyl indicates that there is one
carbon between the oxygen and TMA cation but that the oxygen is attached to a cyclohexyl
group instead of a benzene ring. EthylOMe indicates that there is an ethyl methyl ether
linker between the benzyl oxygen and the TMA cation.
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Figure 72. Synthetic scheme for A) the cation series exploring the spacer length between
the benzene ring and trimethylammonium cation and B) cations exploring the impact of
the benzene ring and cation proximity to the oxygen atom.
Methyl, Propyl, Butyl, Hexyl, and Octyl were designed to explore the impact of
the atom linker size on the strength of the cation-pi interaction between the cation and the
aromatic group. Since a ring structure needs to be formed in order for a cation-pi interaction
to occur, these cations were designed to identify the optimal ring size between the two
functional groups for this intramolecular interaction. However, increasing the linker size
also resulted in an increased number of atoms between the cation and both the oxygen atom
and benzene ring. Therefore, CyMethyl and EthylOMe were designed to elucidate the
impact of proximity to the benzene ring and oxygen atom on cation stabilization,
respectively.
5.3.2 NMR Characterization of Cations
5.3.2.1 1H NMR
The seven small molecule cations were first characterized using 1H NMR to
identify the molecule’s configuration. All samples were doped with a drop of DMSO to
use as a reference. Figure 73 shows the chemical shifts (δ) for the TMA peaks with the full
spectrum shown in Figure 74. Shifts in the δ of the TMA peaks are the best indicators of
the molecule’s configuration as they indicate the presence of cation-pi interactions as well
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as show the impact of proximity to the oxygen atom and benzene ring. As the number of
atoms between the cation and oxygen atom increases or as the methyl groups from the
TMA interact with the benzene ring more strongly, the TMA peak will shift upfield as
these protons become relatively more shielded.

Figure 73. A) 1H NMR spectrum run at room temperature in D2O and doped with a drop
of DMSO of the trimethylammonium peaks for all seven cations. B) Plot of the maximum
intensity from the trimethylammonium peak in the 1H NMR spectrum versus the number
of atoms in the linker between the benzene ring and the ammonium cation, where a –Δppm
indicates an upfield shift as compared to the ppm for Hexyl and Octyl. Arrows represent
the change in chemical shift based on removal of aromaticity in the molecule (Methyl →
CyMethyl) and increasing the proximity to the oxygen atom (Butyl → EthylOMe).
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Figure 74. 1H NMR spectrum run at room temperature in D2O and doped with a drop of
DMSO of all seven cations.
Distinct differences are observed for the δ of the methyl groups attached to the
quaternary ammonium cation, however a clear trend is difficult to elucidate. The
differences in chemical shifts for each cation are shown in Figure 73B and Table 15, where
the difference in δ is referenced to the average chemical shift for the TMA peaks from
Hexyl and Octyl, as these two cations demonstrated very little difference in δ from their
interaction with the benzyl oxygen and the benzene ring. If the number of atoms between
the benzyl oxygen and the TMA moiety dominated the δ of the TMA peaks, then the peaks
would simply shift upfield with decreasing magnitudes from Methyl to Octyl, similar to
what is seen for the methylene protons α to the nitrogen atom (Figure 75). Similarly, if the
strength of the cation-pi interaction dominated the chemical shifts, then as the cation-pi
interaction weakened the chemical shift of the TMA peaks would simply shift downfield.
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Figure 75. 1H NMR spectrum run at room temperature in D2O and doped with a drop of
DMSO of all seven cations zoomed in on the methylene group α to the TMA group. The
methylene protons α to the TMA group on Methyl appear at a chemical shift of 4.92 ppm.

Table 15. Summary of data for all seven organic cations.
Effective
TMA Peak
Sample
Concentration ΔHtot (cal/mol)b
Δppm
(ppm)c
(mg/L)a
Methyl
312 ± 13
294 ± 92
3.07
0.01
Propyl
367 ± 33
542 ± 106
3.08
0.02
Butyl
412 ± 11
766 ± 85
3.05
-0.01
Hexyl
385 ± 6.7
750 ± 103
3.06
0
Octyl
418 ± 2.6
445 ± 91
3.06
0
CyMethyl
361 ± 5.4
573 ± 53
3.04
-0.02
EthylOMe
365 ± 6.9
489 ± 90
3.03
-0.03
a
Measured at room temperature in RO water from a solution at a concentration of 5 mM,
average of three trials with each trial measured for 180 seconds. bCounterion exchange
reaction from chloride to bicarbonate, average of three trials. cMaximum intensity for the
trimethylammonium peak from the 1H NMR spectrum in D2O doped with a drop of DMSO
as a reference.
Figure 73 and Table 15 demonstrate that the influence from both the benzyl oxygen
and cation-pi interactions are present in these cations. For example, when comparing
Methyl and Propyl, the TMA peaks were expected to shift upfield as the number of atoms
between it and the benzyl oxygen increases, however the TMA peak shifts downfield,
indicating that Methyl has a stronger interaction with the electron cloud of the benzene
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ring than Propyl. When comparing Butyl and Hexyl, a similar trend is observed as the
Butyl TMA peaks are slightly upfield despite the closer proximity to the benzyl oxygen,
again indicating a slightly stronger cation-pi interaction. Given these results, it is difficult
to decouple the impact of these two factors for Methyl, Propyl, Butyl, Hexyl, and Octyl.
Therefore, to better understand the effect of each factor, CyMethyl and EthylOMe
were synthesized and characterized. By comparing Methyl and CyMethyl, the impact of
the aromatic group can be better understood, while Butyl and EthylOMe demonstrate the
impact from proximity to the oxygen atom. Interestingly, removal of the aromaticity in
CyMethyl resulted in an upfield shift for the TMA peak, opposite from the expected
downfield shift in ppm due to the removal of any cation-pi interactions from the molecule.
This upfield shift indicates that an inductive effect from the benzene ring may also affect
the chemical shift of Methyl due to the closer proximity of TMA to the aromatic group.
Comparing Butyl and EthylOMe produces a clearer, although surprising result as
the δ of the TMA peak shifted upfield for EthlyOMe as compared to Butyl. This result
was unexpected since increasing the proximity to the oxygen atom should result in a
downfield shift but converting the butyl linker into an ethyl methyl ether linker resulted in
a clear upfield shift in ppm. The upfield shift indicated that EthylOMe participates in a
stronger cation-pi interaction than Butyl despite the number of atoms between the cation
and the benzene ring remaining the same. The stronger cation-pi interaction for EthylOMe
is most likely due to the oxygen atom preferring the cis-configuration while the butyl alkyl
chain prefers the trans-configuration.179 The cis-configuration allows the molecule to more
easily fold upon itself, thus promoting the cation-pi interaction. The 1H NMR spectra
indicate that there are three factors influencing the stability of the charge on these cations
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that are difficult to decouple: 1) cation-pi interaction, 2) inductive effect from the oxygen
atom, and 3) inductive effect from the benzene ring.
5.3.2.2 NOE NMR
To better elucidate each cation’s configuration, 1D NOE NMR in D2O was also
taken for all seven cations (Figure 76). 1D NOE is a through-space technique where the
peak of interest (the TMA peak) is saturated by irradiation with an RF field resulting in the
peak intensity for the TMA peak shifting negative, while any proton close in space to the
TMA peak has a positive intensity. Atoms that are not close to the TMA in space will not
generate peaks in the 1D NOE spectrum. In other words, if the TMA peak participates in a
cation-pi interaction for a molecule, the 1D NOE spectrum would have a positive peak
corresponding to the benzene ring peak. Not surprisingly, the two most prominent peaks in
each spectrum correspond to the α- and β-methylene protons to the TMA peak. Since these
protons are located closest to the TMA peak, it is expected that they would produce the
strongest signal in NOE.

Figure 76. 1D NOE NMR spectrum run at room temperature in D2O for all cations.
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Correlating well with the 1H NMR spectra, only Methyl and EthylOMe showed a
significant peak corresponding to the benzene ring protons in the 1D NOE spectra,
indicating they had the strongest cation-pi interaction (Figure 77). Methyl most likely
demonstrated a strong interaction between the methyl groups from the TMA and the
benzene ring because that interaction would result in a six-membered ring, which is known
to be the most stable ring structure.13 The strong interaction of EthylOMe, on the other
hand, most likely occurred due to the preferred cis-configuration of the oxygen atom
facilitating easier folding of the molecule, necessary for an intramolecular cation-pi
interaction.179 However, it was unexpected that Butyl did not show a response from the
benzene ring protons in the 1D NOE spectrum. The 1H NMR for Butyl indicated a slight
interaction with the benzene ring, however it is possible that any interaction with the
benzene ring was too weak and far away to be seen in the 1D NOE in water. Overall, the
NMR data shows that controlling the ring strain is critical in facilitating cation-pi
interactions for a molecule and that the ring strain can be modulated by incorporating cispreferring moieties into the linker.

Figure 77. 1D NOE NMR spectra at room temperature in D2O zoomed in on the area where
the benzene ring peaks appear for all seven cations showing that only the ammonium
cations on Methyl and EthylOMe have a strong interaction with the aromatic group.
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5.3.3 Isothermal Titration Calorimetry
To further explore the impact cation-pi interactions and proximity to the benzyl
oxygen have on the CCAS for the TMA cations, the change in enthalpy for a counterion
exchange reaction was performed in an ITC (Figure 78 and Table 15). Each cation was
titrated with an aqueous sodium bicarbonate solution over the course of 28 injections
following the procedure previously described to perform the counterion exchange reaction
from chloride to bicarbonate.63 The change in enthalpy for each injection was measured by
ITC, after which the area under the curve for each enthalpic spike measured was plotted.
The total change in enthalpy (ΔHtot) was then determined by summing every data point in
this plot. The ΔHtot was then plotted against the number of atoms between the benzene ring
and the TMA cation (Figure 79). As the atom spacer was increased from three to six atoms
for Methyl, Propyl, and Butyl, the ΔHtot increased with values of 294 cal/mol, 542 cal/mol,
and 766 cal/mol, respectively. Interestingly, increasing the spacer length further for Hexyl
showed no difference from Butyl, with a ΔHtot of 750 cal/mol, while Octyl showed a
decrease in ΔHtot to 445 cal/mol, a value similar to that of Propyl.
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Figure 78. Counterion exchange from chloride to bicarbonate ions in Milli-Q water at 25
°C plotted using ITC for all seven quaternary ammonium-based cations: Methyl (black),
Propyl (red), Butyl (blue), Hexyl (green), Octyl (purple), CyMethyl (magenta), and
EthylO (orange). A) Raw ITC data, average of three trials, which has been corrected for
the heat of dilution of NaHCO3 into water. B) Integration data plotted showing the change
in enthalpy for each injection as the molar ratio of NaHCO3 increased.

Figure 79. Plot of the ΔHtot for counterion exchange from chloride to bicarbonate from an
ITC versus the number of atoms between the benzene ring and ammonium cation showing
the impact of A) the number of atoms between the benzene ring and ammonium cation and
B) aromaticity and proximity to the oxygen atom, where the arrows represent the change
in the ΔHtot values based on removal of aromaticity in the molecule (Methyl → CyMethyl)
and proximity to the oxygen atom (Butyl → EthylOMe).
The ITC data for Methyl, Propyl, and Butyl indicate that both proximity to the
oxygen as well as a cation-pi interaction result in a weakened CCAS as Methyl was both
closest to the oxygen atom and had the strongest cation-pi interaction from the NMR data.
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It was expected that Butyl, Hexyl, and Octyl, would have similar ΔHtot values since all
three should have minimal influence from the oxygen atom and showed weak to no
discernible interaction with the aromatic group. However, Octyl showed a significant
decrease in ΔHtot, indicative of a more stabilized charge and thus a weaker CCAS. The
lower ΔHtot value for the Octyl suggests that its cation was most likely stabilized through
a cation-pi interaction with the benzene ring. The presence of a cation-pi interaction for
Octyl may not have been discernible in the NMR data due to the polarizability of the water.
Other than Methyl and EthylOMe, Octyl is the most likely candidate to form a cation-pi
interaction because the Octyl molecule would need to form a 13-membered ring in order
to participate in a cation-pi interaction, which is near the minimum ring size necessary to
have the lowest possible ring strain outside of six-membered rings (Figure 80).13

Figure 80. Plot of the strain energy versus ring size for cycloalkanes.13
To explore the possibility of Octyl having cation-pi interactions, 1D NOE NMR in
CDCl3 was performed to induce a stronger cation-pi interaction (Figure 81). Decreasing
the dielectric constant and polarizability of the solvent is known to increase the strength of
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cation-pi interactions.180 Except for Octyl, no significant difference was observed for any
cation as compared to the 1D NOE spectra in D2O. In agreement with the ITC data, Octyl
showed peaks corresponding to the benzene ring at 7.3 ppm in CDCl3 as well as peaks
corresponding to every linker atom, indicating stronger cation-pi interactions for this
molecule in the organic solvent as opposed to water. Therefore, the longer linker between
the benzene ring and TMA cation on Octyl seemed to favor the formation of cation-pi
interactions over the shorter linkers of Propyl, Butyl, and Hexyl and was most likely the
reason that Octyl showed a weaker CCAS from the ITC experiment.

Figure 81. 1D NOE NMR spectrum run at room temperature in CDCl3 for all seven cations
showing that only the ammonium cations on Methyl, Octyl and EthylOMe have a strong
interaction with the aromatic group.
Similar to the NMR data, CyMethyl and EthylOMe were also characterized using
the counterion exchange reaction in an ITC (Figure 79B). Expectedly, removing the
aromaticity for CyMethyl resulted in an increased CCAS while increasing the proximity
of the TMA to the oxygen atom and stronger cation-pi interactions for EthylOMe resulted
in a decreased CCAS. This observation is consistent with what was observed for the other
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five cations, where proximity to the oxygen atom and cation-pi interactions weaken the
CCAS and result in a lower ΔHtot from the ITC experiment. Interestingly, however, Propyl,
Octyl, CyMethyl, and EthylOMe all showed very similar ΔHtot values and thus similar
association strengths between the cation and counterion. The similarity in ΔHtot values for
these four cations indicates that both proximity to the oxygen atom and the cation-pi
interaction have a similar stabilizing effect on the cation. For example, the Octyl cation is
only stabilized through cation-pi interactions, but has a similar CCAS to CyMethyl, which
is most likely only stabilized through proximity to the oxygen atom.
5.3.4 Chloride Ion Selective Electrode
To further substantiate the CCAS for these cations, the effective concentration of
chloride ions in water was measured for each cation using a chloride ion selective electrode
(ISE) (Figure 82A and Table 15). Each cation was dissolved in RO water at a molar
concentration of 5 mM. The ISE was then inserted into the solution and the effective
concentration was measured by the electrode for 180 seconds, after which the average
effective concentration was determined. The measured effective chloride concentration
corresponds to the activity of the chloride ions in solution as measured by the ISE, where
a larger measured activity typically results in a larger effective concentration. The
measured effective concentration for the cations studied here was plotted against the
number of atoms in the linker between the TMA cation and the benzene ring (Figure 82B).
Effective concentrations of 312 mg/L, 367 mg/L, 412 mg/L, 385 mg/L, and 418 mg/L were
observed for Methyl, Propyl, Butyl, Hexyl, and Octyl, respectively. As the spacer size
increased, the measured effective concentration also increased until a spacer of 6 atoms
(Butyl), after which the effective concentration showed more scatter.
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Figure 82. Plot of the effective concentration of each cation in RO water from a chloride
ion selective electrode versus the number of atoms between the benzene ring and
ammonium cation showing the impact of A) the number of atoms between the benzene
ring and ammonium cation and B) aromaticity and proximity to the oxygen atom, where
the arrows represent the change in the effective concentration based on removal of
aromaticity in the molecule (Methyl → CyMethyl) and proximity to the oxygen atom
(Butyl → EthylOMe).
However, the activity of the chlorine ions, represented through the measured
effective chloride concentration, is highly dependent on the presence of the cation due to
interactions between the two ions. These interactions cause deviations from ideal behavior,
which means the activity of chloride ions cannot be considered independently from the
presence of the cations, as represented through equation 12:
𝑎 = 𝛾𝑐

(12)

Where a is the activity (represented as the measured effective chloride concentration in
mg/L), γ is the activity coefficient, and c is the concentration of total ions added to the
solution (mg/L). The activity coefficient has been described as the thermodynamic degree
of dissociation for ion pairs in solution, where a larger γ (approaching a value of 1)
corresponds to more dissociation.181–183 Since this activity coefficient parameter accounts
for the deviation from ideal behavior, it was calculated for the seven cations studied here

162

and plotted against the number of atoms in the linker between the TMA cation and the
benzene ring (Figure 83). γ was calculated to account for differences in molecular weights
for the different cations as the measured effective chloride concentration (mg/L) was
dependent on the mass of ions added, showing the impact of the molecular size on the
measured activity. From the plots of γ, Octyl showed a slight difference from Methyl,
Propyl, Butyl, and Hexyl, which all showed similar values within error. CyMethyl and
EthylOMe showed slight differences from their counterparts Methyl and Butyl,
respectively, however they did not show significant differences from other cations. Both
were similar to Propyl, while CyMethyl was similar to Butyl and EthylOMe was similar
to Methyl.

Figure 83. Plot of the activity coefficient of each cation in RO water from a chloride ion
selective electrode versus the number of atoms between the benzene ring and ammonium
cation showing the impact of A) the number of atoms between the benzene ring and
ammonium cation and B) aromaticity and proximity to the oxygen atom, where the arrows
represent the change in γ based on removal of aromaticity in the molecule (Methyl →
CyMethyl) and proximity to the oxygen atom (Butyl → EthylOMe).
The similarities in γ were surprising since differences in the CCAS were expected
to result in larger changes in γ. The expected impact of the CCAS on γ was demonstrated
using alkali metal chloride salts showing that decreasing the CCAS resulted in a lower
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measured effective concentration by the ISE and significantly larger γ values (Figure 84).
For alkali metal salts, the CCAS in water follows the trend of Li < Na < K < Rb, meaning
that Li will dissociate the most and Rb will dissociate the least.184–190 The γ data for the
metal salts matches the trend in the CCAS for these salts, as Li had a γ of 1 (most ion
dissociation), while Na, K, and Rb, showed decreasing ion dissociation through decreasing
γ values of 0.89, 0.70, and 0.44, respectively. The γ values measured here match well with
literature.191–193 Therefore, the alkali metal salts demonstrate that the chloride ISE can be
used to quantify differences in the CCAS. Conversely, the ISE data for the alkali metal
salts indicates that the ISE fails to quantify differences in the CCAS for the seven organic,
quaternary ammonium-based cations studied here due to the similarities observed for their
γ values. Perhaps the differences in CCAS for the organic cations in water is smaller than
for the alkali metal salts, leading to the similar data from the ISE for the organic cations.
Interestingly, the γ for the organic cations was significantly smaller than for the metal salts,
indicating the need to develop organic cations with much larger γ values to have
significantly weaker CCAS.

Figure 84. Plot of the A) effective chloride concentration and B) activity coefficient of
LiCl, NaCl, KCl, RbCl in an aqueous 2.95 mM solution from a chloride ISE versus the row
in the periodic table that each metal resides.
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5.4 Conclusions
The CCAS for seven organic, quaternary ammonium-based cations was characterized
to elucidate design parameters of the cations that lead to weaker association strengths.
These cations were characterized using NMR to elucidate the configuration of the cations,
while the CCAS was established from ITC experiments. A chloride ISE was used in an
attempt to corroborate the ITC data, however the ISE did not appear to capture differences
in the CCAS for the quaternary ammonium-based cations studied.
From these characterizations, two design parameters were identified as promising
candidates to stabilize the cation and weaken the CCAS: 1) cation-pi interactions and 2)
proximity to electronegative atoms, such as oxygen. Of special interest for AEM
applications was inducing cation-pi interactions with a long linker between the aromatic
group and the cation. A linker chain allowing for rings of 13 atoms or longer results in
stronger cation-pi interactions than linker chains forming shorter ring structures, due to the
decrease in ring strain as ring size increases beyond 12 atoms. Furthermore, the addition of
moieties preferring the cis-configuration appears to be another promising route to
enhancing the presence of cation-pi interactions. This increased cation-pi interaction
weakens the CCAS, which has been shown to enhance ion conduction in AEMs. Increasing
the number of atoms between the aromatic group and the cation by designing longer linker
chains has the potential to not only enhance AEM ion conduction, but also enhance the
chemical stability of the cation.72,74,194 Therefore, synthesizing cations specifically to have
cation-pi interactions appears to be a promising approach to enhancing AEM ion
conductivity while simultaneously enhancing cation chemical stability.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
This dissertation primarily focused on developing deeper, more molecular-level
understandings of ion conduction in anion exchange membranes (AEMs). To accomplish
this, performing a counterion exchange reaction using isothermal titration calorimetry
(ITC) was established as an effective method for elucidating the cation-counterion
association strength (CCAS) for various metal and organic cations. The CCAS was
identified as a new molecular-level parameter that is critical for understanding and
predicting ion conduction in AEMs. This dissertation utilized bis(terpyridine)metal cationbased AEMs to develop this new parameter, as these metal cations provide a unique
opportunity to change the cation’s identity and monitor its impact on ion conduction
without also altering other AEM properties. By using metal cation-based AEMs, both the
cation’s and counterion’s identity were established as critical components of the AEM
impacting the material’s ion conduction. Traditionally, hydroxide ions are substituted with
alternate anions, such as chloride and bicarbonate, to elucidate conductivity trends in
AEMs, however the data in this dissertation indicates that this may be more complex than
initially expected. Therefore, elucidating AEM conductivity trends for hydroxide ions may
be required to fully understand how a material will perform in an anion exchange
membrane fuel cell. Finally, the CCAS was utilized to develop quaternary ammoniumbased cations specifically designed to have a weaker association, induced by stabilization
of the positive charge through cation-pi interactions. This data showed that extremely long
side-chains (at least 10 atoms or longer) have potential to enhance ion conduction.
This ITC counterion exchange technique is a promising approach that can inform
the design of AEMs to optimize their ion conductivity. However, questions about both the
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technique and the CCAS parameter remain. Therefore, the next steps for this work can be
summarized by three main topics: 1) further developing this ITC technique and elucidating
the conclusions obtained from it, 2) relating the CCAS for small molecules to polymers
and crosslinked networks, and 3) using the CCAS to develop AEMs with optimized ion
conductivity.
Before the enthalpic response measured from counterion exchange in an ITC can
fully reach its potential as a tool to predict AEM ion conduction, the data obtained from
the reaction must be better understood. Currently, the data is summarized as a total change
in enthalpy (ΔHtot) value which is then correlated to the ion conductivity in an AEM. While
this ΔHtot value has shown potential in predicting ion conduction, a deeper analysis of the
thermodynamics of counterion exchange as they relate to the thermodynamics of
dissociation between the cation and its counterion would allow for a fuller understanding
of this parameter and its influence on ion conduction.
First, elucidating the details that can be obtained from the enthalpy data is required.
This can be accomplished in three different ways: 1) reducing the noise of the data, 2)
developing or identifying a fit for the data, and 3) determining why the data does not reduce
to zero enthalpic response at large molar ratios of bicarbonate to chloride ions. Currently,
the data obtained from the ITC shows very weak and noisy enthalpic responses. The scatter
in the data is most likely a result of systematic variations from the technique that are having
large impacts on the data due to the weak enthalpic responses observed. Therefore, the first
step towards elucidating the details that can be obtained from this data is to increase the
enthalpic response, most easily accomplished by increasing the concentration of cations in
the solution. Producing a larger enthalpic response would mean that the small systematic
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variations in the technique would account for a much smaller percentage of the measured
output, resulting in much smaller variations in the data. The low 1 mM concentration was
initially chosen due to the metal cation’s limited solubility in water. However, as organic
cations become the focus, the water solubility will increase, and higher concentrations can
be utilized. Before larger concentrations could be used, an upper concentration limit would
need to be define as large pH changes from injection of the sodium bicarbonate into the
solution can dominate the enthalpic response. Therefore, the initial studies would need to
perform a concentration ramp to examine at what concentrations the change in pH from
sodium bicarbonate becomes problematic to understand the concentration limits for the
bicarbonate counterion exchange.
The increased concentration and reduced noise would also help solve the second
challenge for this technique: developing or identifying an equation to fit the data. Fitting
the data allows for the full thermodynamic profile of the reaction to be calculated,
producing a binding constant that can be used to better quantify the association between
the cation and its counterion. Since this reaction is an entropy driven reaction, due to the
movement and release of water molecules, a better understanding of the entropy associated
with the reaction will allow for a better understanding of what leads to the weaker CCAS
for different cation-counterion pairs. The impact of entropy as it relates to the ion hydration
of cations will be discussed in more detail later. The current data could not be fit due to the
noise in the data, however as that is reduced, it is expected that a clearer curve will be
obtained allowing for more facile fitting of the data. Initially, the fitting would be attempted
with standard fitting equations assuming either single site binding or multi-site binding,
where modifications are not expected to be necessary but would be performed if required.
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An interesting observation from the current ITC data is that the data seems to level
off at 15-30 cal/mol HCO3-, as opposed to the expected zero cal/mol HCO3-. It was
expected that after the reaction reached equilibrium further addition of sodium bicarbonate
would not produce an enthalpic response, as no exchange reaction should occur after that
point. However, that was not the case for the data in this dissertation. Therefore, to
elucidate the reason for the persisting enthalpic response at higher molar ratios, the first
step is to perform a titration to much larger molar ratios to determine if the reaction requires
larger molar ratios to complete the exchange reaction. Perhaps exchange of the second
counterion of metal cations is more difficult than exchange of the first, thus requiring larger
molar ratios of bicarbonate ions. If the data never reaches zero cal/mol HCO 3- at larger
molar ratios, then it is possible that the enthalpic value that the titration reaches corresponds
to equilibrium, and thus a correction or normalization is required to account for this. This
could be possible if the equilibrium includes a small percentage of counterion-exchange
reactions continuously occurring, since the initial chloride ions are still present in the
solution, resulting in a small enthalpic response.
Once a more complete thermodynamic profile is obtained for these ITC titrations,
the next critical step is to elucidate the role of water on the CCAS and the enthalpic
response in the ITC. As discussed above, this is an entropy driven process, most likely
driven by release of water molecules. Furthermore, it has been well established that the
level of ion hydration a cation experiences directly relates to the CCAS, where more ion
hydration relates to a weaker association strength. However, for this dissertation the
number of water molecules interacting with the cation has been referred to exclusively in
relative terms, where a larger ΔHtot value simply corresponds to less ion hydration. Once
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the full thermodynamic profile is obtained, the number of water molecules interacting with
the cation can be more accurately determined as the entropy and enthalpy of hydration for
common cations is known. More accurately quantifying the amount of ion hydration would
result in a deeper understanding of the role of water in the thermodynamics of dissociation
for these small molecule cations, which will be critical in correlating the dissociation
results for these small molecule cations to their results when incorporated into polymers
and crosslinked networks.
Elucidating how the dissociation thermodynamics for small molecule cationcounterion pairs correlates to their dissociation when incorporated into polymeric
structures is another important factor required to fully understand the role of the CCAS on
AEM ion conduction. This relationship is important to understand because polyelectrolytes
and crosslinked membranes experience an important phenomenon impacting ion
conduction that small molecule cations do not: counterion condensation. Counterion
condensation describes the location of counterions around a polyelectrolyte and has a
critical influence on the percentage of free ions available for conduction as well as the
diffusion of those ions.92 It has also been shown that counterion condensation is directly
related to the location of water around the cations of the polymer. However, the counterion
condensation observed in ionic membranes is not well understood and is notoriously
difficult to measure quantitatively.90,92,195–197 Therefore, correlating the dissociation
thermodynamics between small molecule cations and their counterions to the dissociation
thermodynamics of polymers and crosslinked membranes would represent an advancement
in understanding counterion condensation and how that impacts ion conduction.
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The first step towards elucidating this relationship is to perform the same
counterion exchange reactions in the ITC on linear polycations as that performed on the
small molecule cations. Initial experiments would use the benzyltrimethylammonium
cation as a small molecule and as the moiety on a polyelectrolyte, as that cation is facile to
synthesize and is the most common cation used for AEM applications. Developing the full
thermodynamic profile for each species would elucidate the role of ion hydration and
counterion exchange on the thermodynamics of dissociation between the cation and its
counterion in both the small molecule and polyelectrolyte. Relating the dissociation
thermodynamics for small molecules and polymers would allow for a better understanding
of how counterion condensation and the enthalpic response for counterion exchange of
small molecules can influence and predict ion conduction in polymeric AEMs. Finally, the
impact of the cation’s identity and polymer backbone on the counterion condensation and
the relationship between small molecules and polymers would be explored for various
organic cations.
As mentioned above, not only is the identity of the cation critical to the CCAS, but
the identity of the counterion is also crucial. It was shown in this thesis that metal cations
in the chloride form showed a different trend in associations strengths than the same cations
in the acetate form, indicating that conductivity trends for a series of cations with one
counterion cannot reliably be correlated to their conductivity with another counterion.
Therefore, while this work primarily focused on characterizing cations in the chloride form
to develop the ITC counterion exchange technique and identify the critical importance of
the CCAS, characterizing the CCAS of cations in the hydroxide form will be required in
the future. This poses a challenge to this ITC technique because large changes in pH are
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known to dominate the enthalpic response in an ITC, making results unreliable, which is
why counterion exchange with chloride, acetate, and bicarbonate ions was chosen.
One possible approach to characterizing the CCAS for cations in the hydroxide
form would be to synthesize cations in the hydroxide form and then perform the same
counterion exchange reaction in the ITC as before, converting the cation to the bicarbonate
form. This approach would take advantage of the change in pH upon release of hydroxide
ions to measure the exchange reaction as any enthalpic response due to change in pH from
the hydroxide ions would correlate to the exchange reaction occurring. The challenge with
this approach is synthesizing cations in the hydroxide form, although a multi-step
counterion exchange could be performed (such as Cl- → PF6- → OH-). A multi-step
counterion exchange would take advantage of changes in water solubility between the Clform and PF6- and then again between the PF6- and OH- forms.
Using the ITC approach quantifying the CCAS to inform the design of cations
specifically to have a weaker association was proposed for various small molecule,
quaternary ammonium-based cations studying the impact of the linker between an aromatic
group and the cation. That work indicated that inducing cation-pi interactions, either
through adding moieties into the linker chain that prefer the cis-configuration or by making
the linker extremely long (10 atoms or longer), results in stronger cation-pi interactions
and thus weaker CCAS. The next step for this work is to fully understand the NMR and
ion selective electrode (ISE) data obtained for these molecules. The NMR data is
complicated due to the presence of the oxygen atoms. If the configurations of the different
cations cannot be elucidated with the current molecules, synthesizing the same molecules
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without the oxygen atom in the linker would simplify the NMR data and allow for easier
determination of the molecule’s configuration.
Furthermore, the activity coefficient (γ) calculated from the measured effective
chloride concentration from the ISE indicates that the ISE was not able to capture the
differences in the CCAS for the organic cations studied here. Therefore, developing an
approach to significantly increasing γ or identifying another technique for quantifying the
CCAS for organic cations is needed. Increasing γ would most likely require drastic changes
to the cation, so initial studies would explore different cations, such as imidazolium,
phosphonium, and sulfonium. Furthermore, different functionalities would be studied, such
as moieties that induce cation-pi interactions for the different types of cations.
Once the data for the small molecule cations is understood and the best cations are
identified, the next step is to design and synthesize AEMs that take advantage of the design
parameters determined from the small molecules. Based on the design features identified
in this thesis, enhanced ion conduction could be accomplished by synthesizing aromaticcontaining, polymeric materials that contain extremely long linkers between the polymer
backbone and the cationic head group. The linkers would include both long alkyl chains as
well as ether-containing chains, to determine if extremely long linkers containing moieties
preferring the cis-configuration result in an even greater enhancement of ion conduction
through a weaker CCAS. These materials would most likely also have the added benefit of
demonstrating enhanced chemical stability as longer linkers have been shown to improve
cation chemical stability. These AEMs would represent the first materials designed to
specifically contain a weaker CCAS to enhance ion conduction while simultaneously
improving AEM chemical stability.
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